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MATERIAL INCONEL 718 i FORM FORGING CONDITION = SOLUTION ANMEALED AND DOUBLE AGED
SPECIFICATIONS  AGC 90093~2
PROPERTY_ __ TENSILE ULTIMATE STRENCTH, XSI, @ 140°R
93/95
\ ) LOWER DATA SOURCE

FLUENCE, N/CM® (E > 1.0 MeV) % s a £ k LIMIT CATEGORY REFERENCE
UNIRRADIATED -

17 o 244.5  1.55- 8 13 3.67 238.8 c W
2.9 X 10
4.2 x 108 248.6  1.55 4 13 3.85 242,6 c W
4.2 x 10'% 4 sao°m anmEaL # 241,6  1.55 4 13 3.85 235.6 ¢ 5%

* 100 MINUTES

** NO SIGNIFICANT DIFFERENCE BETIWEEN GROUPS; THEREFORE DATA POOLED,

NOTE: TFOR MATERIAL EVALUATION ONLY.

DO NOT USE FOR DESIGN.



MATERIAL INCONEL 718 L FORM __FORGING

SPECIFICATIONS AGC 90093-2

PROPERTY _ TENSILE YIELD STRENGTH, KSI, @ 140°R
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CONDITION = "SOLUTION ANNEALED AND DOUBLE AGED

99/95
‘ ) ) LOWER DATA SOURCE
FLUENCE, N/CM" (E 2 1.0 MeV} X 8 f k LIMIT CATEGORY REFEREHNCE
UNIRRADIATED 197.1 1.68 12 3.91 190.5 C ()
2.9 x 10%7 206.4 1.68 12 3.91 199.8 c (1)
18 '
4.2 X 10 233.6 1.68 12 3.91 227.0 c (1)
4.2 x 10'% 4+ 540°R ANNEAL * - 214.7 1.68 12 3.91 208.1 c (1)

* 100 MINUTES

NOTE: FOR MATERIAL EVALUATION ONLY; DU NOT USE FOR DESIGN.
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MATERIAL  INCONEL 718 FORM FORGING __CONDITION _SOLUTION ANNEALED AND DOUBLE ACED
SPECIFICATIONS AGC 90693-2
PROPERTY ELONGATION, % @ 140°R
99/95
) _ LOWER DATA SOURCE
FLUENCE, N/CM® (E > 1.0 MeV) b § £ K LIMIT CATEGORY REFERENCE
U'NIRRADTATED 22,9 2.65 12 3,91 12.5 c (1)
2.9 x 1017 19.4 2.65 12 3.91 9.0 c ()
4.2 % 1018 12.3 2.65 12 3.91 1.9 c (1)
4.2 X 1078 + 540°R ANNEAL * 19.9 2,65 12 3.91 9.5 C (1)
* 100 MINUTES |
NOTE: FOR MATERIAL EVALUATION ONLY; DO NOT USE FOR DESICN.
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MATERTAL __ INCONEL 718 FORM FORGING o CONDITION _ SOLUTTON ANNEALED AND DOUBLE AGED
SPECTFICATIONS AGC_90093-2 :
PROPERTY FRACTURE TOUGHNWESS, KQ—'— KST - INIIZ, @ 140°R
99/95 - :

\ _ LOWER DATA SQURCE
FLUENCE, N/eM™ (E> 1.0 MeV) X s n f k LIMIT . CATEGORY REFERENCE
 UNIRRADTATER 145.6 7.24 5 13 3.78 118.2 ) [ (1)
3.0 x 10%7 135.6  7.24 4 13 3.85 107.7 ¢ (1
3.9 x 10%8 12,9 7.2 4 13 3.85 - 95.0 c (1)
3.9 x 108 + s40°R mwwEAL * 135.5  7.24 4 13 3.85 107.6 c W

% 100 MINUTES

ROTE: FOR MATERIAL EVALUATION ONLY; DO NOT USE FOR DESICN
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I. TEST DESCRIPTION (REFERENCE (1))

Round button-head tensile specimens per AGC P/N 1134298 and fracture
toughness specimens per AGC P/N 1137229 were prepared from an Inconel 718
forging. The forging was made by Viking from Heat Nﬁ. 86582. It was
solution annealed at 1950°F, held one hour and rapid air cooled per AGC
Specification 90093 and 46604B. Heat treatment was performed by Viking.
Folldwing rough machining of specimens, the blanks were double aged at
1350 and 1200°F per AGC 46604.

The specimens were irradiated at Convair Aerospace Division/ Fort
Worth as part of test GTR-20C. Two different fluence levels were attained.
In addition, some specimens irradiated to.the highest fluence were annealed
for i00 minutes at 340°R prior to testing. The irradiated specimens and
a control group were tested at 140°R. The results of the tests are shown

in the following tables in which each entry is the average of 4 or 5 speci-

mens.
TENSILE TESTS
Post~Irradiation Ultimate Yield

Fluegce Anmeal, 540°R No. of Strength  Strength Elongation
nfem”, E> 1 MeV (Minutes) Specimens (ksi) (kei) %
Unirradiated 0 4 244 .4 197.1 22.9
2.9'x 10"/ 0 4 264.6 206.4 19.4

4.2 X 1078 0 4 248.6 233.6 12.4

4.2 X 10 100 - 4 241.6 214.7 ©19.9
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FRACTURE TQUGHNESS TESTS

: Post~Trradiation Fracture
Fluepyce Anmneal, 540°R . No. of Toughnesslfgq
nfem”, E> 1 MeV (Minutes) Specimens {(ksi - in™" ")
Unirradiated 0 5 145.6
3.0 X 1077 0 4 135.6
3.9 x 1018 0 4 122.9
3.9 x 108 100 4 135.5

IT. DATA ANALYSIS

Ultimate Strength

There was no significant difference between the ultimate strength
of unirradiated specimens and these irradiated to 2,90 X 1017 nfcmz. There-
fore, these data were pooled for calculation of mean and 99/95 lower limit.

8 n/cmz showed an iIncrease in ultimate

Specimens irradiated to 4.2 X lO1
strength which was removed by annealing at 540°R. These data are shown
separately. The variances were homogeneous and therefore pooled for cal-

culation of a pooled standard deviation.

Yield Strength

The yileld strength &f the specimens increased with each increasing
fluence level. The effect of radiation was partially removed by annealing
at 540°R. Therefore, each group of data is shown individually. The vari~
ances were homogeneous so all data were pooled for calcuiétion of a standard

deviation.
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Elongation
The elongation of the specimens decreased with each increasing
fluence level., The effect of radiation was partially removed by annealing
at 540°R. Accordingly, each group of daté is shown individually. ‘The
data were pooled for calculation of a standard deviation.

Fracture Toughness

The fracture toughness of the specimens decreased with each in-
creasing fluence. The fracture toughness was partially_restored by
annealing at 540°R. Each group of data is individually tabulated. The
data from all groups were pooled for calculation of a standard deviation.
I1T. REFERENCES

{1} Gemneral Dyunamics, Convair Aercspace Division FZK-281, NERVA

Irré&iation Program, GIR-20C, Combined Effects of Reactor

Radiation and Cryogenic Temperature on NERVA Structural Materials,

May 1971.

10
b
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MATERTALS DATA RELEASE
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- DATA
MATERTAL FORM CONDITION PROPERTY i CATEGORY PAGE
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MATERIAL IFCONEL 718 B FORM‘ . ;‘; FORGI?G .“CDNDITION”‘.'“SaiéiiaﬁlAﬁﬁEAiED AND DOUBLE AGED
SPECIPICATION  AGC 900932 i . '
PROPERTY VLTIMATE NOTCHED TENSILE STRENGTH KSI @ 80°F
ESTIMATED ESTIMATED #

) GASECUS . NO. OF MEAN .. .. STANDARD DESIGN . . DATA
FLUEKCE, N/CMZ(E > 1.0 Me¥) ENVIRONMENT OBSERVATIONS VALUZ DEVIATION ALLOWABLE - CATEGORY REFERENCE
UNIRRADIATED HYDROGEN 3 252.3 [N 239.0 | c (1)
UNIRRADIATED  HELIDM 1 267.5 4.6 253,7 c (1)
1.5 x 1020 HYDROGEN 2 202.5 4.6 278.7 c (2)
1.5 x 1620 HELIUM 2 292.5 4.6 278.7 ¢ (2)

*  CONSERVATIVE ENGINEERING ESTIMATE, KOT 99/95 LIMIT.

ROTE: TFOR MATERIAL EVALUATION ONLY. 230 NOT USE FOR DESIGN,
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I. TEST DESCRIPTICN

Button-head notched tensile specimens per AGC P/N 1137556 were pre-
pared from an Inconel 718 forging. The forging was made by Viking from
Heat No. 86582, It was solution annealed by Viking at 1950°F and rapid air
cooled. -Following rough machining, the blanks were double aged at 1350

and 1200°F.

The specimens were irradiated in water at Plu@brook Reactor Facility
and post irradiation tested in 1500 psig H, or He by Convair Aerospace
Division/Fort Worth. In addition, unirradiated specimens were tested in
1200 psig H, or He at Aerocjet Liquid Rocket Company. The results are shoun
in the following table where each entry is the average of the indicated

number of specimens.

Fiuence Gaseous No. of Ultimate
n/cmz, E>1,0 MeV Environment Specimens Strength, ksi
Unirradiated H2 3 252.8
Unirradiated He ' 1 267.5
1.5 x 10%° H, 2 292.5
1.5 x 10%° | He 2 292.5

II. DATA ANALYSIS

The variances of the data from each group were homogeneous and there-
fore pocled for estimating the standard deviation. A conservative engineering
estimate of the design allowable was made by subtracting 3 standard deviations

from the mean., The unirradiated specimens showed slight embrittlement due
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to hydrogen. The irradiation specimens exhibited an increase in ultimate
tensile strength and showed no embrittlement due to hydrogen. Reference

(2) recommends additional testing to verify the absence of hydrogen em-

brittlement in drradiated specimens.

III. REFERENCES
(1) "NERVA Tensile Test Report" Research Physics Laboratory, ALRC,
26 July 1971.
(2) General Dynamics, Convair Aerospace Division FZK-379,

Hydrcgen_Embrittlément of Irradiated Alloys, May 1971.

t4



L

DRi: 02.12
DATE: 23 MARCH 1972
PAGE: 10F5

AERQJET NUCLEAR SYSTEMS COMPANY

MATERIALS DATA RELEASE ‘ B

CINTENTS -
DATA
MATERIAL FORM CONDITION ' PROPERTY " CATEGORY PAGE
AISI 347 ALL ALL DYNAMIC MODULUS . Cc 2
POLSSON'S RATIO C 3
PREPARED BY: 7%4‘5}#' ' CLASSTFICATION:

Fi
B _'__,.'-'-"'"_—'
REVIEWED BY: ¢ E Q £§ i ic.ucgfcf UNCLASSIFIED
' PR Wg%ﬁ

7
bE__3, A4 /72,




DREM:

02.12

DATE: 23 MARCH 1972
PAGE: 2 OF 5
MATERIAL 55 347 FORM, ALL COMDITICH ALL
SPECTFICATIONS AMS 5646F
PROPERTY DYNAMIC MODULUS, KST (X 105)
. DEGREES TOLERANCE
MEAN STANDARD OF LIMIT DESIGK

TEMPERATURE NO. OF VALUE DEVIATION FREEDOM FACTOR ALLOWABLES DATA SOURCE

o OPERATIONS X 3 £ k LOWER  UPPER CATEGORY REFERENCE
-320 5 31.57 0.51 10 4,45 29.3 33.8 o 1

KT 4 28.55 0.51 i0 4.33 26.2 30.9 C 1

600 4 26.52 0.51 10 4.53 26,2 28.8 c 1

=
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MATERTAL 55 347 FORM ALL CONDITION ALL

SPECIFICATIONS AMS 5646F

PROPERTY POISSON'S RATIO

DEGREES TOLERANCE
MEAN STANDARD oF LIVIT DESTCN
TEMPERATURE VALUE DEVIATION FREEDOM FACTOR ALLOWABLES DATA SOURCE
op OPERATIONS X s f k LOWER  UPPER CATEGORY REFERENCE

-320 5 L2625 .0085 10 A 225 .00 c 1

RT 4 .2918 L0085 10 1,53 .253 ckle C 1

500 4 .2928 .0085 19 4,53 .254 .331 e 1

Y2
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I. TEST DESCRIPTION

Dynamic Modulus and Poisson's ratio of SS 347 at ~3Z0°F, RT, and
600°F were measured by WANL per ANSC P.0. N-01728, The material submitted
for testing was 4" diameter bar stock from Universal Cyclops Heat No. G-5875,

heat treated to the simulated furnace-brazed condition.

A single test specimen, per ANSC P/N 1138310, was fabricated from
the bar stock and used for all the determinations. An ultrasonic technique
described in Reference (1), was used. Five determinations were made at room
temperature and four each at the other two temperatures. The results are
reported in Reference (2). Averages for édach temperature are shown on pages
2 and 3. The results are considered to apply to all forms and conditions of

55 347.

IT. DATA ANALYEIS

Noimally, design values for these physical properties would be reported
as nominal + 5%Z. (Reference (3)). However, since the replicate determinations
provide a measure of experimental error variability, the design values were
calculated as true 99/95 limits. All variability is attributed to test error
rather than to the material.

The within-temperature variances were found to be homogeneous by means
of the Bartlett-Box test and accordingly were pooled into a single variance
estimate, 52, based on 10 degrees of freedom. Two-sided tolerance limit fac-
tors, k, were determined from Reference (4). Finally, $9/95 limits were cal-

culated as X -+ ks,

e
@
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IIT. REFERENCES

1. WANL Test Plan 38-10, Project 485G, dated 5 August 1970.

2, Letter from R. F. Dickson (WANL) to J. L. Dooling (AﬂSC) dated
22 October 1971, Subject: "Project 485, Test Plan M-38, Line 10,
Requisition No. N~01728: Dynanmic Modulus Tests".

3. Letter L. C. Corrington (SNS0-C) to W. 0. Wetmore (ANSC) dated
5 January 1972, Subject: "Classification,:Interpretation and
Use of Materials Property Data".

4, A, Weissberg and G. H. Beatty, "Tables of Tolerance - Limit

¥actors for Normal Distributions", Technometrics, Vol. 2, No. 4
) 3 ]

page 483-500 (1960).

3
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MATERIAL FORM CONDITION PROPERTY CATEGORY PAGE
S5 347 BAR SIMULATED BRAZE LOW CYCLE FATIGUE LIFE & 2

@ 1000, 1400, AND 1600°F
(HYDROGEN AS ENVIRONMENT)

PREPARED BY: Wa%f
7

REVIEWED BEY:

ﬂ?;

CLASSIFICATION:

UNCLASSIFIED

PER ‘;2??7(£;§ié{x*”

DATE

“4/2/72.
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MATERIAL S8 347 FORM BAR - : CONDITICN SIMULATED BRAZE

SPECIFICATIONS Qns-763
PROPERTY LOW-CYCLE FATIGUE LIFE (HYDROGEN GAS ENVIRONMENT)
OTAL 99/95 N:IMBER OF CYCLES
TEMP. STRALN LOG OF CYCLES = LOWER 5011 DESIGH . DfTA SQURCE“
op ” MEAN s, 0, £ k LIMIT POINT ALLOWABLE CATEGORY REFERENCE
1000 5.0 2,132 0520 3 18 3.76 1.896 125 79 : A (1)
4.5 2.203 4 3.65 1.973 150 54
4.0 2.288 5 3.58 2.063 194 116
3.5 2,392 7 3,49 2.172 247 149
3.0 2.521 8 3.46 2.303 332 201
2.5 2.687 8 3.46 2,469 436 294
2.0 2.909 6 3.53 2.687 811 486
1.5 3.266 3 ] 3.76 2.990 1684 976
1400 5.0 2.072 0880 3 22 3.67 1.756 120 57 A (1}
4.5 2.145 4 3.56 1.832 140 68
. 4.0° 2.218 5 3.48 1.912 165 82
3.5 2.301 7 3.39 2.003 200 101
3.0 2.397 8- 3.34 2.103 250 127
2.5 2.511 8 3.534 2.217 324 165
2.0 2.650 6 3.43 2.348 © 447 223
1.5 2.829 3 3.67 2.506 675 321 {
1600 5.0 2.320 L1565 3 23 3.65 1.74% 209 56 A (1)
4.5 © 2,407 4 3.54 1.853 255 71 !
4.0 2.505 & 3.41 1.971 320 93
3.5 2.607 7 3.37 2.079 412 120 . X
1.0 2.710 9 3.32 2.190 553 - 155 |
2.5 2.832 9 3.3 2.312 783 205
2.0 2.981 7 3,37 2.454 1198 284 o
1.5 3.174 4 [ 3.54 2.620 2073 417 H

= STANDARD ERROR OF ESTIMATE

= EFFECTIVE SAMPLE SIZE

DEGREES OF FREEDOM FOR 8,

= 99/95 LOWER TOLERANCE LIMIT FACTOR FOR L AND f

w orh 3 @
]
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L. TEST DESCRIPTION

This DRM is based upon work performed by Battelle Memorial Institute
per ANSC P. 0. No. N900105 and reported in Reference (1).The material
used was SS 347 3/4" diameter barlstock that had been heat-treated to
gsimulate the brazing operations used in NERVA nozzle fabrication. The

bar stock was from three different heats of material as follows:

X-11585 (Crucible Steel), designated Lot A"
G-5617 (Universal Cyclops), designated "Lot B"

G-4943 (Universal Cyclops), designated "Lot C"

Low cycle fatigue specimens were prepared from all three heats. These
were subjected to constant amplitude strain-controlled compressive strain
cyeling at a constant strain rate of 10“3 sec"l. The tests were conducted
in a purified hydrogen gas environment at temperatures of 1000, 1400 and
1600°F. The total strain ranges used were 1.5, 3.0, and 5.0 percent,

according to the following test matrix which shows the number of specimens

at each condition.

[+
% Total Temp. 'F
Heat Strain (Approx.) 1000 1400 1600
X-11585 1.5 3 4 3
3.0 3 3 3
5.0 3 3 3
G-5617 1.5 3 3 4
3.0 3 3 3
5.0 3 3 3
G-4943 1.5 3 3 4
3.0 3 3 3
5.0 3 3 3

<
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Cycles to failure and total measured strain range for each of the

specimens are shown in the following table.

1000°F

1400°F

1600°F

Lot A Lot B Lot C
Heat X-11585 Heat G-5617 Heat G-4943
Percent Cycles Percent Cycles Percent Cycles
Total To Total To Total To
Strain Failure Strain Failure Strain Failure
4,92 132 4.94 124 4.93 155
4,97 170 4.94 142 4,93 164
4,89 172 4.92 150 4,92 174
2.92 300 2.91 327 2.95 336
2.82 401 2.92 339 2.01 372
2.96 403 2.89 405 2.92 397
1.49 1856 1.48 15580 1.50 1369
1.48 1975 1.38 1877 1.49 1952
1.46 2251 1.39 2536 1.47 2443
4.89 113 4.88 102 4.92 111
4,88 119 4.88 150 4,87 135
4,89 168 4,87 162 4.85 191
2.56 214 2.94 162 2,95 238
2.96 280 2.94 258 2,85 299
2.94 286 2.95 260 2.95 368
1.49 677 1.49 648 1.40 796
1,49 691 1.49 739 1.49 822
1.45 700 1.50 790 1.50 950
1.49 820
4.97 356 4.96 359 5.12 139
4,97 241 5.30 294 4.95 482
4,93 178 4.96 151 5.32 190
2,98 754 2,97 479 2.94 553
3.20 437 2.94 517 2.94 479
2.96 446 3.00 232 2,94 516
1.28 2111 1.48 2245 1.70 767
1.44 2000 1.50 2124 1.48 1889
1.47 1821 1.4 2545 1.50 1522
: 1.48 2850 1.45 1913
3
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II. DATA ANALYSIS

Statistical analysis of the data is reported in Reference (2). The
method of regression apalysis was used, with the aid of the G.E. Mark I
computer program MULTTS. Tﬁe three temperatures were handled separately.
Within each temﬁerature, a scparate regressioﬁ equation was computed for
each of the three heats. In these equations, the independent variable
was log of percent strain and the dependent variatle was log of cycle life.
At 1000°F, a quadratic equation in these variables éxhibited thé best fit,
while at the other two temperatures, a linear relationship (of the logar-

ithms) was adeguate. Variation among the three lots was minor.

The further analysis in Reference (2) was based on the statistical
guidelines in effect at the time. Heat-to~heat variation was considered to
be a random variable. The regression equations for the individual lots were
combined, and the variance components (within and among lots) were computed,
added together, and used to calculate design allowables at various s?rain

levels.,

The guidelines in effect at present permit the use of this method only
when there are eight or more lots. (Reference (3)). Therefore, the Balance
of the data analysis for this DRM deviated from that of Reference (2). The
method of the lowest lot mean was used. For each temperafure, that lot ex-
hibiting the lowest expected fatigue life within the strain range of interest

(1.5 to 5%) was selected. At 1000° and 1400°F, ileat G-5617 was the lowest at
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all strain levels. At 1600°F, the regression lines for heats G-5617
and G-4943 intersected; G-4943 was lowest between 1.5 and 3.5% strain

and G-5617 was lowest between 4 and 5% strain.
The regression equations for these lowest lots were:¥

3.733-3.0817 log x + 1.135 (log x)>

1000°F log Nf =

(Lot B)

1400°F log Nf = 3,0811-1.4340 log x
(Lot B)

1600°F log N = 3.6516-1.9062 log x
{Lot B)

1600°F log Ng = 3.4450-1.5426 log x
{Lot ©)

where Nf = pumber of cycles to failure
x = total strain, %

# NOTE: These equations were taken from Reference (2), but were converted
from loge to loglo to conform with other DRM's.

For each temperature, the within-lot standard errors f estimate were
pooled over the three lots. For each strain level, the expected number of
cycles (in log form) was calculated from the regression equations and the

99/95 lower 1imit calculated as

iL - kse, where iL is the expected value for the strain level
(based on the lowest lot), Sq is the pooled standard error of estimate and k

1s the 99/95 one-sided tolerance factor based on an effective sample size (ne)
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for the single lot, and degrees of freedom (f) for the pooled standard

deviation. ¥Finally, both the expected values and the lower limits were

converted back to anti~log form , i.e., number of cyeles to failure.

The data are classified as "A" on the basis of meeting all the

revised requirements of TD 69-28 and 69-37.

I7I. REFERTENCES

(1) C. E. Jaske and T. L. Porfilio "Final Report on Low-Cycle Fatigue
of Type 347 Stainless Steel and Hastelloy X in lydrogen Gas Environ-
ment"; Battelle Memorial Institute, Columbus, Ohio, dated 20 December
1971.

(2) Memerandum N8200:M3053, from A, J. Mihanovich to R. 0. Ackeyman,
dated 18 October 1971, Subject: Statistical Analysis of 347 Stainless
Steel and Hastelloy X Fatigue Test Results,

(35 Letter, M&S:JJL, L. C. Corrington to W. 0. Wetmore dated 5 January
1972, Subject: "Classification, Interpretation and Use of Materigls

Property Data, Enclosure (1) Paragraph 5."
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MATERIAL 858 347 FORM PLATE (PARENT METAL AND WELD) CONDITION ANNEALED
SPECIFICATIONS MIL-S6721B, QQ-S-756
PROPERTY LOW CYCLE FATIGUE LIFE @ 1000°F
I T
STRATN 1LOG OF CYCLES TO FAILURE 09/93 CYCLES TC FAILURE
RANGE : LOWER 50 % DESIGN . DATA SOURCE
% MEAN 5 f k LIMIT POINT ALLOWARLE CATEGORY REFERENCE
A. PARENT METAL (INCLUDING HEAT AFFECTED ZONE)
1.5 3.162 .120 8 4,16 2.663 1452 LE60 c 1, 2
1.0 3.684 .120 8 4.32 3.166 4831 1464 - C 1
B, WELDED MATERIAL
1.5 . 2.786 .120 8 4.59 2,235 611 172 C © 1
1.0 3.200 120 C 1

8 4.59 2,649 1585 445

POCLED WITHIN-GROUP STANDARD DEVIATION
NUMBER OF OBSERVATIORS
NUMBER OF DEGREES OF FREEDOM FOR s

99/95 TOLERANCE LIMIT FACTOR FOR m AND £
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L. TEST DESCRIPTION

This DRM is based on low cycle fatigue testing of $SS 347 (parent
metal and welds) for the NASS Duct Program performad by Mar-Test, Inc.

under ANSC Purchase Order No. N-01444, and reported in Reference 1.

The material consisted of two pleces of 3/4" plate from Alleghany
Ludlum Heat Number 39109. One plate was parent metal and the other

contained a weld down its middle.

Low cycle fatigue specimens were fabricated from the plates so that
four were of parent metal, four had the midpoint of the weld at the mini-
mum diameter of the gage section and four had the minimum diameter of the
gage section offset 0.6 inch from therweld centerline in order to evaluate

the heat-affected zone.

The twelve specimens were subjected to compression-tension cycling
(R=-1) at an axial strain rate of 10“3 sec‘l, and at total axial strain
ranges of 1.0 and 1.5 percent. Two specimens of each type were tested at

each strain range. Tests were performed in alr at 1000°F.

A supplementary test program (References 2 and 3) was conducted to
compare compression-tension (R=-1) cycling with compression-compression
cycling {(R=-=). Four specimens were used, all parent metal, all at strain

ratios of 1.5%2 and two at each R-ratio.

The following results were obtained:

<3
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Specimen R- - Total Strain Nf
Iype Ratio Range, Z Cycles to Failure
Parent Metal ~1 1.5 1539
1.5 1828
1.0 5364
1.0 5193
Weld -1 1.5 742
1.5 504
1.0 2554
1.0 284
Heat—-AfTected _ . -1 1.5 i3.05
Zone | 1.5 1376
1.Q 5168
1.0 3776
Parent Metal —tu 1.5 - 1367
(Reference 2) e 1.5 1510
-1 1.5 1447

-1 1.5 1261

II. DATA ANALYSIS

Statistical analysis employed the log of cycles to failure. There
was no significant difference between the compression-compression and the
compression-tension tests. Accordingly, the four data points in the supple-

mentary program were consolidated and pooled with the two observations on

Lo
6 "'@
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parent metal at 1.5% {rom thc main test program. Analysis of variance
also indicated no significant difference between parent material and
heat-affected material., Therefore these groups were combined at the

two strain ranges.

Within-group variances were found to be homogeneous and were pooled.
Tolerance limit factors, k, were found in the usual manner and the lower
99/95 limits for 103 cycle life were calculated as X-ks for each group
and strain level. Finally, the means and design éllowables were converted

to anti~log form (number of cycles).

1t is of interest that the expected cycle life for parent metal at
1.5% strain (1464 cycles to failure) agrees closely with the results
obtained by Battelle at the same strain level and reported in Reference 4.

(1684 ﬁycles).
IIT. REFERENCES

1. Mar-Test, Inc. Report, dated July 1971, “An Evaluation of the
Low-Cycle Fatigue Resistance of 347 Stainless Steel at 1000°F",

2. Mar-Test, Inc. Report, dated December 1971, "An Evaluation of
the Low-Cycle Fatigue Resistance of 347 Stainless Steel at 1000°F
Using Compression-Compression Loading".

3. Materials Memorandum N8130:0121, from H. W. Spaletta to T. A.
Redfield, dated 25 August 1971, Subject: Status Report for Low

Cycle Fatigue Tests being Conducted by Mar-Test, Inec.

4. DRM 02.13, Jdated 5 Apri) 1972.

e
fh



o3
&y

AFROJET NUCLEAR SYSTEMS COMPANY

MATERIALS DATA RELEASE

TIME FOR 3% CREEP

1200, 1400, 1600°F

CONTENTS
MATERTAL FORM - CONDITION : PROPERTY
88 347 SHEET ~ TRIPLE-BRAZED TIME FOR 1% CREEP
EXFLANATION OF SYMBOLS ON PAGES 2 AND 3% (HYDROGEN ATMOSPHERE

» STANDARD DEVIATION (STANDARD ERROR OF ESTIMATE)
EFFECTIVE SAMPFLE SIZE

DEGREES OF FREEDOM FOR &

99/95 ONE-SIDED TOLERANCE LIMIT FACTOR

Lol -
a n

PREPARED BY:

REVIEWED BY:

DATE

CLASSIFICATTON:

UNCLASSIFIED

IBM:
DATE:
PAGE;

DATA

CATEGORY

A

A

02.15
26 APRIL 1972
1 0F 11

PAGE



DRM: 02.15
- ' DATE: 26 APRIL 1972
PAGE: 2 OF 11

MATERIAL $5 347 FORM SHEET . CONDITION TRIPLE-BRAZED
SPECIFICATIONS QQ-5~-766C, AGC 90006D
PROPERTY TIME FOR 1% TOTAL CREEP HOURS

LOG_OF HOURS

TEMP STRESS s o 9%/85 50% DESIGN CONTROLLING* DATA SOURCE
¥ KS1 MEAN B e £ k. LIMIT POINT ALLOWABLE LOT CATEGORY REFERENCE
1200 24 -0.772 0.183 3 41 3.48 ~1.409 0.17 0.04 B A 1
22 0.368 0.183 8 4 3.16 (1,210 2.34 0.62 C
20 1.104 0.183 21 51 2.99 0.557 T 1. 3.6 c
18 1.734 0.183 15 41 3.03 1.180 54.21 15.1 c
" 1400 10 0.300 B.174 9 57 3.06 -0.,232 2.00 0.59 A A
.679 0.174 17 57 2.94 ¢.168 4.77 1.47 A
1.050 0,174 19 57 3.04 _ 0521 11.23 3.32 A
4 1.352 0.174 2 57 3.63 0,721 22.50 5.26 c
1600 4 -0.348 §.143 6 51 3.19 -0.804 0,45 0,16 A A
' 3 -0.0427 0.143 8 7 s1 . ‘311 ~0. 487 0.91 0.33 A
2 0.388 0.143 14 51 2,99 -0.040 2.44 0.91 A
1 1.124 0.143 19 51 2.94 . 0,704 13.32 5.05 A

* LOT HAVING LOWEST EXPECTED TIME FOR 1% CREEP AT SPECIFIED TEMPERATURE AND STRESS.



MATERIAL 55 347 FORM . __SHEET

SPECIFICATIONS  QQ-S-766C, AGC 90006D

PROPERTY TIME FOR 3% TOTAL CREEP, HOURS
LOG OF HOURS _~

TEMP STRESS a 29/95
_°F K31 MEAN Pa _e £ k LIMIT
1200 24 1.292 .0719 4 38 3.38 1.049
22 1,762 .0719 B 38 3.17 1.534
20 1.943 L0719 19 38 3.02 1.726
18 2.143 0719 4 38 3.38 1.900
1400 10 0.788 146 9 49 3.08 0.338
1.134 .146 17 49 2.97 0.700
1.579 146 10 49 3.06 1.132
4 2,207 146 2 49 " 3.65 1.674
1600 4 0.163 132 14 40 3.05 ~0.240
3 0.495 .132 14 40 3.06 7.092
2 0.934 .132 g 40 3.16 0.517
1 1.607 132 5 40 3.29° 1.173

DRM:  02.15
DATE: 26 APRIL 1972
PAGE: 3 OF 11
CONDITION TRIPLE-BRAZED
50% DESIGN CONTROLLING*  DATA SOURCE
POINT ALLOWABLE LOT - CATEGORY REFERENCE
19.57 1.1 c A 2
57.80 34.2 c A
87.65 53,2 ¢ A
138.90 79.4 A A
6.14 2.2 A A
13.60 5.0 A A
37.93 13.6 A A
160.93 47.2 A B
1.45 0.58 A A
3,12 1.2 A A
8.59 3.3 A A
40,42 14.9 A A

* LOT HAVING LOWEST EXPECTED TIME FOR 3% CREEP AT SPECIFIFD TEMPERATURE AND STRESS.
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1. TEST DESCRIPTION

This DBM is based upon work performed by General Electric Nuclear
Systems Programs, Space Division, Cincinnati, Oﬁio, under ANSC P.0. N-900104
and reported in Reference (1).

Three lots of SS 347 sheet, .016" thick were used in the test pro-
gram. The lots were ldentified as A, B and C and represented material
produced by Washington, Republic, and Jones & Laughlin Steel Companies,
respectively. All three lots were subjected to a final heat treatment
{simulated furnace braze cycle) by Pyromet.

Creep specimens were fabricated from the sheet stock, 80 specimens
from each lot. These were further sub-divided intoc 3 groups for creep
testing at 1200°, 1400° and 1600°F. All tests took place in hydrogen
étmosphere.

Various loads were applied to the different specimens and held until
the total creep exceeded 3%. Creep vs time curves were plotted for eaéh
specimen, énd the time in hours for 1/2%, 1% and 3% was interpolated from
these plots and recorded.

The test matrix, showing the number of usable test results from each
lot, and af each temperature and stress level is given‘ih the table below.
The total number of tests reported by G.E. was 194 of which & were stated to
have yielded no data because of extensometer malfunctions, leaving 188. Of
these, 10 never reached 1% creep and 3 others were discarded as statistical
oﬁtliers, leaving & total of 175 observations at 1% creep, and a smaller number,

as shown, at 3% creep.

ng
P
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TEST TEMP. 1200°F 1400°F 1600°F
LOT A B C A B Cc A B C
m‘
17 3% 2 3
18 - - Sk
19 1% 3 8%
20 3 3 3
22 3 3 3
24 3 2# 2
3.5 b3 - (10)
5 2 2 2 -
7 5 6 7
8.5 5 4 5
10 5 5 5
13 - 1 -
15 - 1 -
0.5 Hikk 1% JhEk
0.7 4 2%k
0.8 2 - 1
1.0 3 4 5
1.3 - - 2
1.5 2 2 3%
2.0 - 3 -
3.0 3 3 3 GRAND
4.5 3 3 3 TOTAL
tals at‘
creep 13 13 24 18 19 29 21 18 20 175
tals at
creep 11 14 20 18 19 19 18 15 16 150
NOTES: 1. Each #* indicates one specimen which failed to reach 3% creep.

2. # indicates an observation that was discarded as an outlier

at 1% creep, but yielded a valid result at 3% creep.

3. () indicates that the 10 specimens were tested to 1% creep
only, with no results at 3%.

L
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2, DATA ANALYSIS

The ﬁethod of regression analysis was used, with the aid of the G.E.
computer program MULFIT. The two dependent variables were time to 1%
creep and éime to 3% creep. Because, as shown above, all specimens did
not reach 3%, fhe two creep times were handled as separate analyses.
Although time to 0.5% creep is also reported in Reference (1), the data
were not analyzed.

The three test temperatures necessitated threé completely different
ranges of stress; therefore each temperature'was handled in a separate
analysis.

Substantial differences In creep among the three lots were observed,

In Reference (1), these were related to difference in grain size as follows:

"The creep results of the three lots appeared to be consistent
with the grain size observatioms; i.e., the larger grain material
‘had a greater resistance to creep than fine-grain material under

the same test conditions, particularly at the higher temperatures",

In keeping with the latest guldelines for data analysis (Reference(2),
-separate reéression equations were obtained for each lot, and the reported
means and design allowables are based on that lot having the shortest creep
time for the specified temperature and stress level. The standard errors of
éstimate used were pooled over all three lots, the pooling being justified

by means of the Bartlett-Box test for homogeneity.



Two regression models were considered: (1) a linear relationship

between the iog of time and the log of stress, i.e., a straight line on

DRM:
DATE:
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log-log paper and (2) a quadratic relationship between the same variables

in logarithmic form, i.e., a parabola on log-log paper.

The quadratic

model was used whenever it exhibited a substantially better fit (a lower

standard error of estimate) than the linear model; otherwise the linear

model was used.

The results of the regression analysis were as follows:

TIME TO 1% CREEP

TEST STD.*%* INDEX OF
&t ERROR OF DETER-
°F 1.0T n REGRESSION EQUATION* ESTIMATE MINATION
1200 A 13 log y = =35.565 + 69.008 log x -31.204 (log x)2 146 .955
B 13  logy = -262.74 + 424.763 log x -170.235 (log x .191 ,966
cC 24 log y = =56.161 + 103,903 log x -46.0321 (log x) .194 .925
POOLED .183
1400 A 18  log y = 0.423 + 4.064 log x -4.187 (log x)g .204 .730
B 19 log y = 1.548 + 4.843 log x -5.535 (log x) .168 .937
c 29 log y = -0.889 + 10.197 log x -9.033 (log x) .157 .943
POOLED 74
1600 A 21 log v = 1.125 -2.4466 log x 9 .153 .966
B 18 log y = 1.745 -1.883 log x -1.217 (log x) .130 .967
c 20 log vy = 1.425 -2.076 log x -1.119 (log x) 141 .968
' POOLED 143

8
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TIME TO 3% CREEP

TEST STD. ** INDEX OF
TEMP ERROR OF  DETER-
°F LOT n REGRESSION EQUATION® ESTIMATE MINATION
1200 A 11 log y = —69.739 + 117.48 log x -47.831 (log x)> .0994 944
B 14 log y = 7.674 ~4.136 log x .0578 .925
c 20 log y = 7.628 -4.370 log x i .0656 .896
) POOLED L0719
1400 A 18 log y = 4.353 -3.565 log x ' .101 949
B 19 log vy = 5.194 -3.749 log x 9 .170 873
c 19 log y = -0.420 + 8.994 log x -7.604 (log x) .155 .858
POOLED 146
1600 A 18  logy = 1.6066 -2.072 log x -.543 (log x)2 .0885 .986
B 15 log y = 2.239 -1.180 log x -2.282 (log x) .164 .936
c 16 log vy = 1.994 -1.868 log x -1.541 (log x) 174 . 4940
POOLED .132
* % = stress level, ksi
¥ = mean time to stated % creep, hours
*& in logarithmic units

The standard errors of estimate were pooled over the three lots at a
glven temperature. The expected values of log y were computed for various
stress levels in order to determine the lot with the shortest creep time.
The identity of these lots are shown on Pages 2 and 3 as "Controlling Lot"
and in the great majority of cases was Lot A. The mean times for the three

lots are shown graphically in Figures 1 and 2.

+
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Lower 99/95 limits for log of creep time were calculated as log yL--'ks
where 4 is the creep time of the lowest lot, s is the pooled stand-
ard error of estimate and k is the tolerance limit factor based on f
(the degrees of freedom for Se) and n, the expected sample size for the
particular stress level. Finally, both the mean values and the lower
1imits were converted to the anti-log form (hours). The lower limits or

design allowables are plotted in Figures 1 and 2.

The data are categorized as "A", having met the requirements of TD-

69-37, revised version.
3. RE¥ERENCES

(1) €GESP-723 "Final Report, Creep of 347 Stainless Steel in Hydrogen",
Ceneral Electric Company, Nuclear Systems Programs, Space Division,
dated 15 March 1972.

(2) Letter, M&S:JJL, L. C. Corrington to W. O. Wetmore dated 5 January
1972, Subject: "Classification, Interpretation and Use of Materials

Property Data, Enclosure (1), Paragraph 5."
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- DRM:
DATE:
PAGE:
MATERIAL §S 347 FORM NOZZLE FORGING CONDITION SIMULATED FURNACE BRAZE
SPECIFICATIONS 0Q-5-763
PROPERTY NUMBER OF CYCLES TO VARIOUS Ki LEVELS
LOG QF CYCLES® o ‘NUMBER, OF CYCLES
99/95
Ki : n - LOWER, 50 % DESIGN DATA
KSI - &/ IN MEAN s e  k LIMIT POINT "ALLOWABLE CATEGORY
30 4,062 L0408 3 5.24 3.848 11527 7050 C
40 3.470 5 5.10 3.262 2950 1828
50 2.878 2 5.41 2.657‘ 755 454
60 2.286 1 5.85 2.047 193 112‘

14 %



DRM: 02.16
DATE: 12 HMAY 1972
PAGE: jJor 11

MATERIAL §8 347 FORM, NOZZLE FORGING T ' CONDITION STMULATED FURNACE BRAZE
SPECIFICATIONS QQ-5~763 '
PROPERTY CYCLIC FRACTURE TOUGHNESS, Ki, KSI —JIN
No. of ' ' DESIGN T DATA SOURCE
Cycles MEAN 8 Na £ "k ALLOWABLE CATEGORY REFERENCE
1 75.2 4 - - - 63.0% c 1
1000 47.9 0.72 3 5 5.24 44.2 |
10000 3.0 0.73 3 5 5.24 27.2

%  CONSERVATIVE ENGINEERING ESTIMATE. XOT 99/95 DESIGN ALLOWABLE
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99/95
e n UPPER 50% DESIGN DATA
MEAN g e £ k " LIMIT POINT ALLOWABLE CATEGORY
1.592 0.184 7 22 3.39 2.216 39 164 c
2.000 20 22 3.22 2,592 100 391
2.480 20 22 3.22 3.072 302 1182
2.98% 10 22 3.32 3.601 976 3989
3.507 5 22 3.48 4.150 3211 14136 . ]

02.186
12 MAY 1972
4 OF 11
SQURCE
REFERENCE
1




DRM: 02.16
DATE: 12 MAY 1972
PAGE: 5 OF 11

1. TEST DESCRIPTION

This DRM is based upon work performed by the Boeing Aerospace Group,

Seattle, Washington, under ANSC P.0. N-01499.

One lot of SS 347 nozzle segment per QQ-S-763 (from NERVA Nozzle

Forging S/N 880033) was used in the test program. Fracture toughness speci-

mens were fabricated so as to maintain the Flaw propagation direction

of the specimens parallel to the forging direction. A total of 12 speci-

mens were fabricated and testing was conducted at room temperature.

A total of 8 specimens were tested in GHZ and 4 specimens were tested
in GHe to note the effect of hydrogen on the toughness of the material.
Both static (KIC) and cyclic (Ki) fracture toughness tests were conducted.
The test matrix, giving the test conditions and number of specimens tested

was as follows:

Test Test Environment (1200 psig)
Type GHe GH,
Static Fracture 1 ' 2
Cyclic Fracture 3 6

From these results, a Ki versus number of cycles to failure curve was
developed for each test condition. In addition, instantaneous crack growth

rate (crack growth per cycle) data was developed for each Ki test.



The test results were as follows:

Specimen

Number

880039
880040
880049
880050
880043
880041
880042
880045
880044
880047
880046
880048

880050

As seen from this table, one of the specimens, 880050, generated a

Test

Environment

GH2

GHe

GHe

DRM:
DATE:
PAGE:

No. of
Cyecles

298
4902
16537
355
2720
2575
5558
4856

30026

02.16

12 MAY 1972

6 OF 11

K1

KST -

63.3
79.1
79.9
78.7
56.5
42.3
35.5
56.3
39.9
40.5
34.9
35.7

24.3

static test observation in addition to a cyclic test. In addition, instan-

taneous crack growth data were supplied by Boeing on computer printouts,

up to 7 pairs of observations (da/dN vs Ki) per specimen.



DRM: 02.16
DATE : 12 MAY 1972
PAGE : 7 OF 11

2.  DATA ANALYSIS

a., Fracture Toughness

The four static fracture toughness tests failed to yield valid
KIC data. Instead they are reported as a special case of Ki, at one cycle.
There was no appreciable difference between the tests in helium and hydro-

gen; therefore they were combined.

Regression analysis, with the aid of the G.E. computer program
MULFIT was used for the cyclic fracture toughness data. An attempt was
made to use the static test results in the same regression equation, but no-
rle function was found which would £it the combined data withecut a large
increase in the standard error of estimate. The one cycle data reported on
Page 3 merely represent the average of the 4 static tests.* The standard
deviatién of 4 is a conservative estimate from other materials, and the

design allowable shown is an engineering estimate (3-sigma) rather than a

99/95 1imit.

A linear equation (Ki vs log cycles) was found to fit the data very

well. However, to provide for an ohserved difference between test results

* One of these had a value of 63.3 KSI -Tiﬁz far below the other three, While
its exclusion as an outlier might be Justified, it was retained and averaged
with the other three in order to maintain a conservative average.

53
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in hydrogen and helium, an extra variable, Xy, Was introduced into the
regression equation and assigned the values X, = 0 for hydrogen, X, = 1

for helium. The results‘were as follows:

g *% 2
n Regression Equation * e R
9 log N = 5.837 - .05919 Xy + 1.3595 X, - .92426 X X, .0408 .996
¥ N = number of cycles; Xy = Ki, X, = test environment.

*%  in logarithmic units.

This equation was used to calculate expected values of log N for
various Ki levels from 30 to 60 KSI -\rfﬁ. By assigning x, = 0, the calculated
values applied to the hydrogen eavivecoment, the worst casc. Tﬁe 99/95 lower
limits were calculated in the usual manner and finally both expected values
and limits were converted to anti-log units (number of cycles). To place the
data in.a more useful form, the equation was back-scolved to yield expected |
and allowable Ki's for various numbers of cycles, These are given on Page 3.

Results are shown graphically in Figure 1.
b. Crack Growth Rate (da/dN)

The data from the computer printouts were divided into two groups,
below and above Ki = 65. These represent the two slopes of the lines rela- |
ting log (da/dN) as a function of Ki. However there were insufficient data
for K1 > 65 and only one of the linear slopes could be determined. A quadratic
equation, however was found to fit the entire body of data well, and was usaﬁ
to calculate design allowables. The computer program MULFIT was used to deter-

mine the least squares regression lines. The analysis was done separately
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for the hydrogen and helium groups.' The tests in hydrogen showed slightly
higher crack growth rates at all Ki levels; therefore the regression equation
for this group was the only one used. The linear equation for Ki < 65 (Eq. 2)

and the quadratic equation for the entire range (Eq. 1) were as follows:

R ' 5 * 2

n Regression Equation * e R
Eqg.l1 25 log vy = 23,559 ~ 30.608 log x + 10.546 (log x)2 .184 .B88
Eq.2 19 log ¥ = - 5.946 + 4,697 log x _ .125 .859

* y = da/dN, micro-inches per cycle; x = Ki

*% In logarithmic units.

Equation 1 was used to calculate expected values of leg (da/dN) for
various Ki levels. Design allowables were then calculated in the usual manner.

The results are plotted in Figure 2,

3. REFERENCES

o8] "Flaw Growth of Various NERVA Engine Materials", by W. D. Bixler
g ’

Aerospace Group, The Boeing Company, March 1972.
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AEROJET NUCLTAR SYSTEMS COMPANY

MATERIALS DATA RELEASE

LONTENTS
. : DATA
MATERTAL FORM CONDITLON PROPERTY _ - CATEGORY PAGE
Al 7039 FORGING T-63 Tensile ultimate atrzng-th C 2
(IRRADIATED)
Tensile yield strength C 3
Elongation [ 4
Fracture toughness c 5
SYMBOLS USED ON PAGES 2 -~ 5
X = GROUP AVERAGES
n = SAMPLE SIZE ASSQCIATED WITH X
£ = DEGREES OF FREZDOM FOR PCOLED WITHIN-GROUP STANDARD DEVIATION
k = 99/95 LOWER TOLERANCE LIMIT FACTOR FOR n AND f ' -
8 ® POOLED WITHIN-GROUP STANDARD DEVIATION
_ PREPARED BY:“?c?iJ/({:%Zcwf;éZa.L(, . | CLASSIFICATION:
REVIEWED BY: ‘,;{}Ei‘ e UNCLASSIFIED
! . ' PERj@;/Of,ch‘;Zz%

DATE 2/ /7 2
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MATERIAL Al 7039 FORM . FORGING CONDITION  T=63
!
SPECIFICATIONS  AGC 90181
PROPERTY TENSILE ULTIMATE STRENGTH, KSI, @ 140°R
99/95
) ) LOWER DATA SOURCE
FLUENCE, N/CM 1E > 1.0 MeV) X a n £ k LIMIT CATEGORY REFERENCE
0
4.3 x 10%7
: 17 RkeAok 91.74 1.12 16 28 3.143 88.22 c (1
8.6 % 10
8.6 % 1017 + 540°R ANNEAL *n#
5.8 x 108 95.00  1.12 3 28 3.582 90.99 c ()
5.8 X 1072 4 340°R ANNEAL #%*
5.8 x 10'% + 540°R ANNEAL *
18 wkx 90,73 1.12 12 28 3.187 87.16 c )
5.8 X 10704 540°R ANNEAL **
18

5.8 X 10~ + S40°R ANNEAL **#

* 10 MINUTES
*h 100 MINUTES

khk 100 MIRUTES

i

RAkk NC SIGNIFICANT DIFFERENCE AMONG GROUPS; THEREFORE DATA POOLED.

NOTE: FOR MATERIAL EVALUATION ONLY.

e

DO NOT USE FOR DESIGN.
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MATERIAL Al 7039 ' FORM FORGING CONDITION T-63
SPECIFICATIONS AGC 90181
PROPERTY TENSILE YIELD STRENGTH, KSI, @ 140°R
99/95
2 - LOWER DATA - SOURCE
FLUENCE, N/CH" (E > 1.0 MeV) X s f k LIMIT CATEGORY REFERENCE
0 76.94 1.27 24 3.448 72.56 c (1)
3.4 x 10%7
17 Aokt 85.40 1.27 24 3.325 B1.18 C (1)
B.6 X 1075 )
8.6 x 1018~+ 540°R ANNEAL, %**- 73,07 1.27 24 3.634 74,45 c (1)
5.8 X 107" 94.93 1.27 24 3.634 90.31 ¢ (1}
5.2 x 10'% + 340°R ANNEATL, #xx 89.87 1.27 24 3.634 85.25 C (L
5.8 % 101B + 540°R ANNEAL * 85.00 1.27 24 3.634 80.38 C (1)
5.8 x 1019 + SH0°R ANNEAL **
18 Ll 83.30 1.27 24 3.395 78.99 c (1)

5.8 X 107 + 5400R ANNEAL ##®#%

& 10 MINUTES

L 100 MINUTES

i 1000 MINUTES

khkkk - NO SIGNIFICANT DIFFERENCE AMONG GROUPS; THEREFORE DATA POOLED

NOTE: FOR MATERIAL EVALUATION ONLY. DO NOT USE FOR DESIGN,
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MATERIAL Al 7039 FORM FORGING CONDITION  T-63
SPECTFICATIONS AGC 90181
PROPERTY FELONGATION, ¥, @ 140°R
. 99/95
) ) LOWER DATA SOURCE
FLUEKCE, N/CM” (E > 1.0 MeV) X 3 - £ k LIMIT CATEGQRY REFERENCE
o
3.4 x 10°7
17 xax 12,02 1.26 16 27 3.157 8.04 c (1)
8.6 X 10
8.6 X 1017 + 540°R ANNEAL ###
5.8 x 1048 4.9 1.26 3 27 3.593 0.37 c ()
5.5 % 1078 + 340°R ANNEAL wxa 9.0 1.26 3 27 3.593 4.47 ¢ 1oy
5.8 X 1070 4 S40°R ANNEAL *
5.8 X 100 + 540°R ANNEAL k% = xrkx 11,6 1.26 9 27 3.256  7.50 c W
18

5.8 X 107 + 540°R ANNEAL *#*

* 10 MINUTES
#% 100 MINUTES

*%% 1000 MINUTES

*k&% NO SIGNIFICANT DIFFERENCE AMONG GROUFS; THEREFORE DATA FOOLED.

NOTE:

FOR MATERIAL EVALUATION ONLY.

DO NOT USE FOR DESIGN.
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CONDITION T-63
SPECIFICATIONS AGC 90181
PROPERTY  FRACTURE TOUCHNESS, X, KSI- m/ 2 8 140°R
4
99/95 .
) _ LOWER DATA SOURCE
FLUENCE, N/CHM (E > 1.0 MeV) X 8 k LIMIT CATEGORY REFERENCE
0 ,
18 * 30.76 1.85 4.017 23.33 c (1)
1.4 X 10 .
18 ' .
6.5 % 10 22.60 1.85 4,279 14.68 ¢ (1)

-~ &  NO SIGNIFICANT DIFFERENCE BETWEEN GROUPS; THEREFORE DATA POOLED

NOTE: FOR MATERIAL EVALUATION ONLY. DO NOT USE FOR DESIGN,

85
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I. TEST DESCRIPTION (REFERENCE (1))

Tensile and fracture toughness specimens per AGC P/N 1134298 and
1137229 were prepared from Al 7039-T63 forging from Wyman-Gordon Heat
No. B-260. The speclmens were irradiated to three different fluence
levels at 140°R in GTR-20C at Convair Aerospace Division/Fort Worth.
One group of tensile specimens irradiated to the middle fluence was
annealed at 540°R for 1000 minutes. In additiom, groups of tensile
specimens irradiated to the highest fluence were annealed at 340°R for
1000 minutes and 540°R for 10, 100 and 1000 minutes. The irradiated
specimens and unirradiated control groups were tested at 140°R. The
results of the tests are shown in the following tables in which each

entry is the average of 3 or 4 or 5 specimens.

TENSILE TESTS

_ Post-Irradiation Ultimate Ydield
Fluence Anncal No. of Strength Sivengil Elongation
n/cmz, E> 1 MeV Temp, (°R)/Time,(Min) Specimens {ksi) (ksi) A
0 None 5 9l.5 76.9 12.4
3.4 x 1017 None 4 92.1 85.0 11.7
8.6 X 1077 None i 91.5 85.8 11.0
8.6 X 1077 540/1000 3 92.0 79.1 13.2
5.8 x 1000 None 3 95.0 94.9 4.9
5.8 X 10°° 34071000 3 89.9 89.9 9.0
5.8 x 1015 " 540/10 3 90.4 85.0 11.3
5.8 x 10%° 540/100 3 9.6  83.5 12.2
5.8 X 1018 540/1000 3

92.1 83.1 11.3

3
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FRACTURE TOUGHNESS TESTS

Fluegce No. ?f KQ. 1/2
n/em”, ES 1 MeV Specimens Ksi-in

0 4 29.6

1.4 x 108 4 31.9
6.5 x 10%8 3% 22.6%

* One value was rejected as an outlier using Dixon Criterion at

an # risk of 10%.

II. DATA ANALYSIS

Ultimate Strength

There was no statistically significant (at 93% confidence level) dif-

17 2
n/em” or

ference in ultimate strength of specimens irradiated to 6.8 X 10
less. Therefore the data below this fluence were pooled for calculation of
mean, and 99/95 lower limit. There was also no significant difference between
annealed specimens irradiated to 5.8 X 1018 n/cm2 and these data were also
pocled for calculation of mean and 99/95 lower Limit. The variances of

all groups were homogeneous. Accordingly, all were pooled for calculation

of a standard deviation.

Yield Strength

There was no statistically significant difference between yield

strength of specimens irradiated to 3.4 X 1017 and 8.6 X 1017 n/cm2 or

between specimens irradiated to 5.8 X 1018 n/cm2 and subsequently annealed

at 540°R for 100 and 1000 minutes. Therefore these four groups were pocled

into two groups for calculation of means and 99/95 lower limits. Annealing

for 1000 minutes at 340°R and for 10 minutes at 540°R resulted in less recovery.
Therefore, these groups are recorded separately. The variances of all groups
were homogeneous and therefore, were pooled for calculatign of a standard

deviation.
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Elongation

There was no. significant difference in elongation of specimens

irradiated to 8.6 X 1017

groups were pooled for calculation of mean and 99/95 lower limit. Speci-

2
n/em” or less. Therefore, the data from these

mens irradiated to 5.8 X 1018 n/cm2 showed a marked decrease in elongation
with partial recovery when ammnealed at 340°R for 1000 minutes. These

means and 99/95 lower limits groups are shown individually. Data from
specimens irradiated to 5.8 X 1018 n/cm2 and subsequently annealed at 540°R
for 10, 100 and 1000 minutes are pooled because all showed complete recov-
ery of elongation. The variances of all groups were pooled for calculation

of a standard deviation.

Fracture Toughness

Unirradiated specimens and specimens irradiated tc 1.4 X 1018 n/cm2
showed no significant difference in fracture toughness. Accordingly, these
data were peoled for calculacion of mean and 99795 lower limit. Specimens
irradiated to 6.5 X 1018 n/cm2 showed a decrease in fracture toughness and
are shown separately, One value from this group was rejected as an outlier
using Dixon Criterion gt an < risk of 10%. The variances of all groups
were homogeneous and therefore pooled for calculation of a standard deviation.
Tﬁe fatigue cracks of approximately one half of the specimens were not valid
for calculation of Kr, per ASTM E-39%, therefore the fracture toughness is.
recorded as Kg even though there is good agreement between '"valid" and

"ot wvalid" data.
III. REFERENCES

(1) General Dynamics, Convair Aerospace Division Report FZK-381,
NERVA Irradiation Program, GTR-20C, Combined Effects of Reactor
Radiation and Cryogenic Temperature on NERVA Structural Materials,
May 1971.

(2) M. G. Natrella, Experimental Statistics, National Bureau of Standards
Handbook 91, 1963, Page 17 - 3.

298



e

DRM: 04.02R1

DATE: 24 MARCH 1972
PAGE: L QF 9

AERCJET NUCLEAR SYSTEMS COMPANY

MATERTALS DATA RELEASE

CONIENTS
DATA
MATERTAL FORM CONDITION FPROPERTY CATEGORY PAGE
Ti 5A1-2.55n (ELI) PANCAXE FCRGINGS ANNEALED ULTIMATE TEWSILE STREWGTH A 2
YIELD TENSILE STREKGTH A T3
ELONCATION A&D 4

THMIS REVISION SUPERSEDES DRM 04.02 DATED 11~23-70. RIOM TEMPERATURE TEST DATA ON ANOTHER LOT OF MATERIAL
HAVE BEEN IKCLUDED, AND ACCORDINCLY THE DESIGN ALLLWABLES HAVE BEEN RE-CALCULATED. DATA AT THE GTHER
TEMPERATURES ARE UNCHANGED. A NWEW SECTION OF TEXNT HAS BEEN ADDED TO DESCRIBE THE NEW TEST MATERIAL AND
THE METHODS OF ANALYSIS.

PREPARED EY: 767}/\20' . CLASSIFICATION:

REVIEWED BY: /7 /, ﬁ e, _ : UNCLASSIFIED
PER 777,13/%
DATE 3/ 4 4// 72
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FAGE 2'QF . 9
MATZRIAL: Ti 5A1-2.55n {ELI} FORM: : Pancalie Forgings COHDITION: VACUUM ANNEALED
SPECIFICATIONS: . __ " AGC 90163, ANS 90297-2 )
PRGPERTY: Ultimate Tens{le Strength, ksi _ DIRECTION: Tanagential, Radial
. ; . :

‘ COMBINED :

KEAN YARIANCE STAXDARD . DESICH of FOR
TERP VALUE CEVIATION m f k  ALLOWASLE WITHIN-LOT CATA SOURCE
°F DIRECTION (ksi) - WITHIN-LOT  LOT-T0-LOT (QHSINED 3 R (ksi): - -VARIAHCE ~ CATESGRY "REFERCICE

Sk . ) ' ' | ) -

T TANGERTIAL AND RADIAL 116.3 2.36 - - 1.54 6 4.0 3.24 113 40 A 1, 2, 3,
=220 TAIGENTIAL ‘ 188.2 7 10.75% 1.72 12.47 3.53 8.0 12.2 3.72 175 36 A 1. 2
-423  TAIGENTIAL 210.6 12.40 ) 0.94 13.35 3.65  21.9 19.8 3.26 139 . 28 A 2,3

*POGLED FROM -320 AND -423°F DATA. o LT | Ce e
s+ a EFFECTIVE SAWPLE S1ZE USED 1N DETERMINATION OF k. .. L S
#sxf = EEFECTIVE KUFDER OF DEGREES OF FREECOM ASSOCIATED WITH s, USED IN DETERMINATION OF k. . w- ' ="

*hik REVISED ROOW TEMPERATURE. DATA BASED ON INCLUSION.-OF FOURTil LOT (RETERENCE (4)} METHOD OF LOWEST LOT MEAN
WAS USED. " TUE MEAN VALUE SHOUN IS FOR HEAT NO. 29272. TEE VARTANCE WAS POOLED WITHIN ALL FOUR HEATS AND s

IS THE SQUARE ROOT OF THIS VARIANCE.

&
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MATERIAL: Ti 5A1-2.55n (ELI} _ FORM: Parzake Forgings CONDITION: VACUUM_ANNTALED

SPECIFICATIONS: __AGC 90163. ANS 90207-2 ‘ )

FROPIRTY: - Yield Tensile Strength, k3i - ) DIRECTION: Tangential, Radial

CONBINED
MEAN YARIAKCE STANDARD BES1GH df FOR
TERD . VALUE ) DEVIATION m. f  k  ALLOWAGBLE -WITHIN-LOT  CATA  ~ SOUPCS
°F - DIRECTIOH (ksi)  WITHIR-LOT  LOT-TO-LOT COMBINED s L _ {ksi) VARIAMCE  CATECORY REFDAINCE

RHEERT TANGENTIAL AMD RADIAL 108.4  3.99 - - 2.00 8. 40 3.16 102 40 4 B2 3

320 TAUGENTIAL 174.6 17.71% 3.71 21.42 4.63 7.5 11.0 3.82 , 157 33% A 1, 2

~423  TAJGEHTIAL . 190.6 20.25 3.73 23.98  4.90 15.9 12.8. 3.60 173 25 A 2.3

*PCOLED FROM -320 Ay -423°F DATA. . = - ' LT
*v = EFFECTIVE SAPLE SIZE USED IN DETERMINATION OF k. S

ESFECTIVE NUIMGER OF DEGREES OF FREEDOM ASSOCIATED WITH s, ysED I DCTLDMIVATIUx OF ko - " f ‘ com :
Kbk REVISED ROOM TEMPERATURE DATA RASED.ON' INCLUSION OF FOURT H-10T (RE:ERENCE (L)) METEOD OF LOWEST LOT MEAN

WAS USEﬁ.'MLAN»VALUE-SHONN'VAS-FOR HEAT C10297 ~THE VARIAKCE WAS POOLED WITHIN ALL FOUR HEATS AND s IS THE
SQUARE ROOT OF THAT VARIANCE. :

-



UPPER BOUND) 5

% POOLED FROM -320°F AND -423°F DATA.
m = EFFECTIVE SAMPLE SIZE USED IN DETEEMINATION OF k.
f = EFFECTIVE NUMBER OF DECGREES OF FREEDOM ASSOCIATED WITH s, USED IN DETERMINATION OF k.

B
ik
kxdek

59

REVISED ROOM TEMPERATURE DATA BASED ON INCLUSION OF FOURTH LOT (REFERENCE (4)) METHOD OF
LOWEST LOT MEAN. THE MEAN VALUE SHOWN WAS TFOR TiHE NEW LOT. THE VARIANCE WAS POQLED WITHIN
ALL 4 HEATS, AND s IS THE SQUARE ROOT OF THAT VARTANCE.

DRM:  04.02R1
pATE: 26 MARCH 1972
‘ PAGE & (F 3
HATERIAL: Ti 5A1-2.55n (FLI} FORM: Pancake Forgings CONDITION: VACUUM ANKEALED
SPECIFICATIGNS: AGC 90163, ANS 90297-2
PRUPZRTY: Elongation, % _ DIRECTION: TAAGEATIAL , RALIAL
' COM3INED
MEAH VARLANCE STRIDARD ¢f FOR LES TGN
TEP VALUE : T ONEVIATION H KooOWITHIN-LOT ALLUWASLE  LATA REFEALACE
F_ DIRECTION _ (%) HITHIN-LOT  LOT-TO-LOT COMBINED s ok kRS VARIANCE (%) CATEGORY  suupet
el .
R Ti}?gﬂim LOG (ELONGATION) 1.136  .00222 - - L0471 24 40 2.98 0.996 1, 2,3,
RADTAL | ELOHGATION am—s ' , . _ 9.9 A
320 TAUGERTIAL| LOG {ELONGATION) 1.032 .00274* .00415 00553 L0830 4.2 3.9 5.82 367% 0.544 1, 2
ELOAGATION e 10.8 : : o 3T A
~423  TRNGENTIAL LOG (ELONGATION).  1.190  ~ .00246 .00035 L0033 L0575 13.1 9.3 3.86 . 28 0.968 2,3
ELONGATION -~ {15.5] o : [—éh._ﬂ A
. ALTERNATE HETHOU FOR -320°F 70 PROUUCE /s HIGHER ALLOWASLE OF DATA CATEGORY "B"
320 TAGCENTIAL LOG (ELONGATION) 1.032 00247 ° 00422 - - - - - - © 8  0.780 B 1, 2
. {ASSUNED
ELOHGATION ——= 5
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I. TEST MATERT AL

Threc heats of billet stock meeting the chemical composition require-
ments of AGC Specification 90163 were tested. 'The sources, lot numbers and
gizes of the forgings wera as follows:

. PANCAKE HEAT (LOT)
MILL SOURCE ' FORGER FORGING SIZE NUHBER
Titanium Metals Corp.- Wyman-Gordon Co. 17" dia x 10" high  K1029
Reactive Metals Carlton Yorge Co. 14" dia x 6" high 283722 and
294245

“ Tensile tests were conducted by the forger at room temperature and by
LGC at ~-320 and -423°F. The room temperature specimens were equally divided
between radial and tangential orientations; the cryogenic temperaturce specinens
werce tangential only. Tensile test data were available for the following

numbers of specinens:

LOT NUMBER

TEMPERASURE, °F - K1029 293722 294245
RT (Tangential) 14 S 3

RT (Radial) 4 .3 3
~320 (Tangential) 3 4 4
~423 (Tangential) 26% | 4% 2%

%#Varjation in sample size occurred from property to property at -423°F
because of test anomalies.

"II. DATA ANALYSIS:

o

The three lots were assumed to be a random sample from a normally
distributed population of possible lots. The variance associated with a
sample of this material from some unknown lot contains both a within-lot
and a lot-to-lot component.

(313
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Within-lot variances were found to be homogencous within temperature
groups for all properties according to the Barilett-Box test at the 0,10
significance level. In most cases, within-lot variances were also howmogeneous
across all temperature groups. '

The data were analyzed according to the methods of Reference (4),
paragraph 5.4.5.4. Because of the unequal sample size for the differeant lot/
temperature combinations, the temperatures were treated separately; howevar,
within-lot variances were sometimes pooled over more than one temperature if
such pooling was both warranted by the homogencity test and needed to obtain
the 15 degrees of freedom required for category "A" data.

The logarithwic transform of elongation was used in the calculations in
order to normaliza the data and thus to develop more realistic design allow-
ables.® Within tae room temperature data, there was significant difference
between orientations for elongation, and, thercfore, the two orientations
are reported separately. TFox_yield and ultimate, no such differences were
found; therefore the data for the two directiors were combined.

The components of variance and the quantities n (effective sample size)
and f (degrees of freedon associaled with the combined variance) were
Crputed withothe aild of "SATILY & newlyvowriiiteu comgLier plogiam on Lhe
G.E. Mark TI Time-Sharing system. The 99/95 t:bles of Reference (b) were
entered with nm and £ to obtazin (by interpelaticn) the appropriate tolerance
limit factors, k. Design allowsbles were then calculated as X - ks, and
have been categorized as "A" data. )

The allowable elongation at -320°F was 3.5Y. This low value is in part
a consequence of the high k (5.58) wnich is, in turn, a result of the
relatively large lot-to-lot variation and the small number of lots. To
provide a possibly more useful design allowable, an alternate method, per
paragraph 5.8.3.1 of Reference (4), was used. 1t was assumed that the upper
bound of the lot~to~lot variance of log elongzation at ~320°F was equal to
the variance calculated from the data, viz. .0042. The design allowable
thus calculated was 6.0% and is classified as category "B".

*Calculations using the untransformed cloagation led to a design allowable
of zero at -320°F. )

K7



DRM: 04,021
DATE: 24 MARCH 1972
PAGE: 7 0F 9

SUPPLEMENT TOR R1 HEVISYON

Another group of room temperaturc data was wade avallable (Refevence (6))
and the purpose of this revision is to update the original DRM by combining
thisg néw information with the old.

The new data consists of the results of 24 tensile tests on Sf diameter
pancake forgings made from TMCA Heat No. K8930. Forgings of two differvent
thicknesses, 4.43" and 2.93" respectively, were made. The heat treatment
was per ANS-90267-2 (1400°F vacuum-anneal) which is substantially the same
heat trcatment as was used in the earlier forgings (per AGC 90163).

Three forgings of each size were tested, with four tensile specimens
from ecach, three radially and one tangentially oriented.

Summarized Ltest results were as follows:

ULTIMATL* YIELD* ELONGATION®

P/N THICKNESS 5/N DIRECTION STRENGTH, KSI STRENGTH, KSI %

1138579-1 b4.43" 3 Radial 117.7 109.3 12.3
: Tang- 121 114 15

" ' " 4 Radial 117.7 110.0 13.3
Tang, 118 108 -13

" " 5 Radial 118.0 110.7 14.3
Tang, 120 114 16

1138579-2 2.93" 3 Radial 120.0 1i2.3 14,3
Tang. 121 111 12

" .n 4 Radial 119.7 113.3 13.7
‘ Tange 118 110 15

" " 5 Radial 118.0 110.3 12.3
Tang. 120 : 113 18

# TFor radial specimens, figures given are averages of three; for tangential

specimens, the figures are for a single specimen,
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Analysis of variance showed that for all three tensile properties,
there were no significant differences between directions, forgings (within
configuration), or confipurations. Accordingly all data for this lot were
pooled inte a single sample of 24 épecimens. Averages and standard devia-

tions for this lot and the previous lots were:

y UTS - YTS EOG* ELONG

BEAT ¥Q. . I 2 s X g X (2
TMCA K1029 8 120.2  1.67 108.4  1.92 1.196 L0360
RMI 2037722 6 116.3  1.47 108.5  2.35 1.220 L0464
RMI 294245 6 118.5  1.97 11,2 2.23 1.168 .0597
THCA K8930 24 118.8  1.44 11,2 1.88 1.136 L0472

This table shows that the average properties of the new lot are cntifely
consistent with the other three, and also that the variances are homogeneous.
This 1éfter observation was confirmed by the Bartlett-Box test, and the within-
lot variances were pooled.

A change in data analysis guidelines tock place between the issue of
the original DBM and this revision. (Reference (7)}. According to the re-~
vised version of TD 69-28, a minimum of 8 lots are required for the use of the

primary method of Reference (4); previously only two lots were required. The

¥ The logarithmic transform of elongation was used in order to be consistent
with the earlier DEM in which its use was required to aveld zero or negative

design allowables.

&3



DR 04.02R1
DATE: 24 MARCH 1972
PAGE ; 9 OF 9

new rule specifies that one of the alternate methods of Section 5.8,
Reference (4), should be used with less than 8 lots., Accordingly, the
method of the Lowest Lot Mean was used to develop design allowables from

the 4-lot room temperature data. These design allowables were calculated

as EL—ks where EL is the lowest of the four lot means, s is the pooled
within-lot standard deviation, and k is the 99/95 tolerance limit associated
with m and f which are based on iL and g8. For elongation, the design
allowable was calculated in the logarithmic form and then converted back

to anti-log form.

Following the new guidelines, the data are categorized as "A". The

data for -320°F and -423°F are unchanged in this revision,

ITY. REFERENCES

(1) NRO Haterials Memorandum 69-131, P. P. Dessau to W. E. Campbell,
Subject:"Evaluation of Large Ti 5A1-2.55n (BELI) and Alloy 718
Forgings', dated 18 September 1969.

(2) TFourth Quarterly Report, CY 1970, WERVA Materials Development.
(3) Second Quarterly Report, CY 1970, NERVA Materials Development.

(4) NERVA Program Procedure, R1L0L, ¥RP-503, "Statistical Apalysis of

Materials Test Data'.

(5) Owen, D. B., "Factors for One-Sided Tolerance Limits and for
Variables Sampling Plans", Monograph No. SCR-607, Sandia Corpora-
tion (1963-1964). ’

(6) Memorandum N8130:0220, P. P. Dessau to H. Derow, dated 2 November 1971,
Subject: "Pancake Forged Ti 5A1-2.55n ELI Data from TPA S/N 1".

(7) Letter L. C. Cofrington (SNPO-C) to W. 0. Wetmore (ANSC) dated
5 January 1972, Subject: "Classification, Interpretation and Use
of Materials Property Data".
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MATERTAL Ti 5A1-2.5Sn ELI

FORM ALL

CONDITION ALL

SPECIFICATIONS.

AGC 901634

DIRECTION ALL

PROPERTY LINEAR THERMAL EXPANSION, X%

TEMP.
°F

=300

-250

-200

-150

~100

- 50

C k&

fokk

NOMINAL *
VALUE

-0.1442
-0.1317
-0.}153
=0.0966
-0.0764
-0.0553

~0.0331

STANDARD
DEVIATION
g Te Folete

99/95 LIMITS #*

.00280 2,576
.00256.
.00224
.00187
00148
.00107

00064 y

PﬁRCEﬁT CHANGE IN LENGTH FROM 68°F

NOMINAL + 5%

BASED ON NORMAL CURVE (INFINITE DEGREES COF FREEDOM)

-0.1370 -0.1514

~0.1251 ~G.1383

~0.1096 ~0.1211

-0.0918 ~0.1014

-0.0726 ~0.0803

-0.052¢0 -0.0581

-0.0315 -0.0348

DRM: 04 .07RY
DATE: 24 MARCH 1972
PAGE: 2 oF 11

DATA SOURCE
CATEGORY REFEREXNCE
C b3




£

CONDITICN _ALL

99/95 LIMITS *

MATERIAL Ti 5A1-2,55n ELI FORM ALL

SPECIFICATIONS AGC 90163A DIRECTION LLL

PROVERTY MEAN COEFFICIENT OF THERMAL EXPANSION (e}, IN/IN/"F X 106'

TEMP, KOMINAL

°F VALUE ‘ s Tk

FROM 68 TO -300 3.92 0.076 2.576 3.72
FROM 68 TO -250 4,14 ¢.080 3.93
FROM €8 TO =200 4,30 0.083 4,09
FROM 68 TO -150 4.43 ) 0.086 4.21
FROM 68 TO -100 4,55 0.089 4.32
FHOM 68 TO - 50 4.69 0.091 4,46
FROM 68 TO o] 4.87 0.0%5 4,63

% NOMINAL + 5%

* BASED ON NORMAL CURVE (INFINITE DEGREES OF FREEDOM)

4.12

4.65

4.78

DRM:
DATE:
PAGE:

DATA

CATEGORY

e €3
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JoF 1l

SOURCE

1
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%%

rOMTNAT, + 10

TASED ON NORMAL CURVE (INFINITE DEGREES OF FREEDOM)

DRM: 04,0781
DATE: 24 MARCH.1972
PAGE: 4 OF 11
MATERIAL _Ti 5A1—2;SSn ELI ALL CONDITION ALL
SPECIFICATIONS AGC 801634 DIRECTION ALL
PROPERTY THERMAL CONDUCTIVITY, BTU/HR-FI - °F
STANDARD
TEMP. NOMINAL DEVIATION o * DATA SOURCE
°F VALUE s k 99/95 LIMITS CATEGORY REFERENCE
-250 3.29 .128 2.57% 2.96 3.62 ¢ 2
~225 3.41 .133 . 3.07 3.76 ‘ |
—200 3.53 .137 3.18 3.89
-175 3.65 142 3.28 4.02
=150 2.77 L146 3.39 4,14
-125 3.88 .151 3.49 4,27 i N
-100 3.99 .155 3.39 4.39
=75 4,10 .159 3.69 4,51
-50 4,21 .163 3.7¢9 4,683
-25 4.31 .167 3.88 4.74 |
0 '4.42 171 3.97 4,86
25 4,52 .175 4.07 4.97
50 4.62 179 4.16  5.08
75 4.72 .183 4,24 5.19
,100 4,81 .187 4.33  5.29
125 o - “——-;.éinuﬂ_ .19¢ 4,42 5,40
150 5.00 .194 4,50 5.50
175 5.09 .198 4.58 5.60 { ¢
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MATERTIAL __ T1 5A1-2.58n ELI FORM ALL CONDITION ALL
SPECIFICATIONS AGC 90163A DIRECTION ALL
PROPERTY DYNAMIC MCDULUS, psi X 106
STANDARD st - DATA SOURCE
TEMP. NOMINAL VALUE DEVIATICN k 29/95 LIMITS™ CATEGORY REFERENCE
RT 18.05 0.35 2.576 17.1 T0 19.¢ c 4
*  NOMINAL + 5%
#% BASFD ON NORMAL CURVE (INFINITE DEGREES OF FREEDOM)
i
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I, TEST DESCRIPTION

T4 5A1-2.5%n ELT specimens were submitted to Battelle Memorial
Institute for the purpose of measuring the thermal expansion and
the thermal conductivity. The specimens were obtained from an annealed
pancake forging produced by Wyman-Gordon (P. 0. 102554) from TMCA Heat

K-1029.

Measurement of physical properties was conducted by BMI under ANSC
P. 0.'s N-900078 and 900079. The measurement techniques and results are

reported in References 1 and 2.

Two specimens were submitted for each test, one each in the radial
and tangential orientations with respect to the forging. Thermal expan-
sion wa; measufed from -320°F to room temperature on the two specimens
and the series of measurements was repeated on the radial specimen.
Thermal conductivity was measured on the two specimens in the approximate

temperature range from -250° to 200°F.
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IT. DATA ANALYSIS

A, THERMAL LEXPANSTON

There were Chree complete sets of data, one on the tangential
gpecimen and two on the radial specimen. Regression equations were_fitted
to each set by means of the computer program MULFIT#*%* on the G.E. computer.
In these equations the independent variable was temperature change, AT, and
thermal expansion in percent was the dependent variable. A fourth degree
polynomial proved to be a satisfactory regression model for all three data

sets.

The base temperature was 82°T for the tangential specimen and 68°
and 72°F for the two runs on the radial specimens. In order to compare the
regression equations it was necessary to put all three on a common tempera-
ture base. 68°F was selected and the data were adjusted so that AF was zero
at this temperature for all three runs. MNew regression equations were com-
puted, and expected thermal expansion values were calculgted from the equations

at 50° intervals from ~300° to 0°F, resulting in the following table:

al'd
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LINEAR EXPANSION, ¥ (CHANGE FROM 68°F)

TEMPERATURE TARGENTTAL
°F
0 ~.0324
- 50 ~-.0553
~100 -.0771
-150 ~.0976
-200 -.1162
-250 -,1320
~300 -.1441

RADTAL

RUN 1

~-.0339
~.0560
-.0769
-. 0873
-, 1166
~. 1337
~. 1462

RUN 2

~-.0331
~-.0547
~.0753
~-.0949
~.1131
.1293
L1422

i

1

This table shows differences among all three columns; the two

duplicate runs on the radial specimen differ from each other by at least as

much as either one differs from the tangential.

Therefore there is no

evidence that there is any difference between the two specimens other than

that due to measurement error. Accordingly, the three columns were averaged

at each temperature to yield the nominal values shown on Page 2. The upper

and lower limits were calculated as these nominals -+ 5%, which has been recom-

mended (Reference 3) as a reasonable uncertainty band for those physical pro-

perties which exhibit little or no material variability.*

The mean coefficients of thermal expansion shown on Page 3 were ob-

tained by dividing both the nominals and the limits on Page 2 by the tempera-

ture difference (AT).

%* These limits have been designated '"99/95 Limits" although there is no

quantitative basis for this designation.
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The k-value, 2.576, on Pages 2 and 3 is the 2-sided 99% normal
curve value (or the tolerance limit factor for infinite deprees of frecdom).
The standard deviations, s, were obtained by dividing the difference between

the limit and the nominal at each temperature by k.

B. THERMAL CONDUCTIVITY

A regression medel was fitted to the data by means of the MULFIT##%
program., A simple quadratic model fitted the data well, While there was some
difference between the equations for the two specimens, it was impossible to
tell whether this was a material difference, directional or otherwise, or

merely a consequence of measurement crror. On the basis that these forgings

had not exhihired ~nlsotropy 3n othor wrepertics, the results of the fwe
directions were averaged to produce the nominal values on Page 4. An uncertainty

band of + 10% about the ncminal values was established® This band is considered

to include both errors of measurement and material variability.

A tolerance limit factor, k, of 2.576 was again used and the standard

deviation calculated in the same manner as for thermal expansion.

C. GENERAL
The data are categorized as "C". Although the measurements were made
on specimens prepared from annealed forgings, the expansion data may be applied
to any form or condition of the alloy consistent with reaéonable iso-
tropy, Thermal conductivity data similarly applies to all forms, but to the

anncaled condition only.

% See Footnote, Page 8. f ple
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SUPPLEMENT FOR REVISION 1 (REFERENCE (4))

Young's modulus was determined dynamically at ANSC on a radial specimen
and a tangential specimen of a Ti~5A1-2.55n ELI pancake forging at room
temperature. The specimens were obtained from an ammealed pancake forging

produced by Wyman-Gordon (P. O. 102554) from TMCA Heat K~1029.

The results given below indicate little or no anisotropy in the forging

between the radial and tangential direction.

18.1 = 106 psi

]

E radial

E tangential = 18.0 x 106 psi

The upper and lower limits were calculated as the average of these measure-
ments + 5%, per Reference (3)%. The k-value and the standard deviation were

obtained in the same manner as for the other properties (See top of Page 9).

* See Footnote, page 8.
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3., Letter 7732:ML70-343, ANSCLto SNPO~C dated 21 September 1970,
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MATERTAL T1 5A1-2.58n ELX bort DIE FORCINGS CONDITION __ ANNEALED

SPECIFICATIONS AGC 90163A

PROPERTY FRACTURE TOURHNWESS, KIC* K§I =~ INllz @ 80°F
99/95
. LOWER DATA SOURCE
% s n £ k LIMIT : CATEGORY REFERENCE
98.8 4.6 9 v 4,143 79.8 . c (1)
SYMBOLS
X = GROUP AVERAGES
n = SAMPLE SIZE ASSOCIATED WITH ¥
f = DECREES 0OF FREEDCM FOR POOLED WITHIN-GROUP STANDARD DEVIATION
k = 99/95 LOWVER TOLERANCE LTMIT FACTCR FOR n AND £

] =  POOLED WITHIN-GROUP STANDARD DEVIATION
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I. TEST DESCRIPTION

One inch thick fracture toughness specimens per AGC P/N 1138365-104
"B" were prepared from die forged Ti 5A1-2.55n ELI. The forgings were
from TMCA Billet "B", Heat K8930 and BRMI Billet "T", Heat 804722. One
specimen was made from each of several ring sections with the crack growing
in the radial direction. The specimens were manufactured by Farrar Grinding
Company, Inc., Inglewood, California and tested by Metallurgical Testing
Corporation, City of Industry, California. The results of the tests are
shown in the following table in which ea;h entry is the average of 4 or 5

Epecimens.

Practure Toughness

0. ¢f .
M11ll Source peciaens ksi - In
TMCA 4 99.4
RMI 5 98.2

IY. DATA ANALYSIS

There was no significant difference in fracture toughness between the
two mill sources and the variances of the two groups were found to be homogen-
eous. Since the mill sources are construed as a fixed variable, the data
from both mills could be pooled for calculation of mean,.standard deviation

and 99/95 lower limit per Reference (2).
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IIT. REFERENCES

(1) Metallurgical Testing Corporation Test Report, Laboratory No.
12-109F, 18 January 1972

(2) Letter, M&S:JJL, L. C. Corrington to W. 0. Wetmore dated 5 January
1972, Subject: "Classification, Interpretation and Use of Materials

Property PData, Enclosure (1}, Paragraph 4."
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CONTENTS
DATA
MATERTAL FORM CONDITION PROPERTY CATEGORY
Ti 5A1 2.58n ELI DIE FORGINGS ANNEALED STATIC FRACTURE TOUGHNESS (KIC) @ Rr, c
PANCAKE FORGINGS* =160 AND -423°Ta%
DIE FORGINGS NUMBER OF CYCLES TO VARIOUS Ki LEVELS c
@ RT, -160 AND -423°F
DIE FORGINGS CYCLIC FRACTURE TOUGHNESS (K1) @ RT, c, D
PANCAKE FORGINGS* ~160 AND -423°F
DIE FORGINGS CRACK GROWTH RATE, RT C
DIE FORGINGS CRACK GROWTH RATE, -160 AND -423°F c
PANCAKE FORGINGS CRACK GROWTH RATE, -423°F c
Pa)
oy
i *  PANCAKE FORGINGS @ —423°F ONLY
- ** RT IN GH,, 100 PSI; -160°F IN GH,, 1200 PSI; ~423°F TN L,

NOTE: THIS REVISION SUPFRSEDES DRM 04.10 DATED 30 MARCH 1972, WHICH INCLUDED ONLY STATIC FRACTURE TOUCHNESS
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EXPLANATION OF SYMBOLS ON PAGES 2 - 7:
8 = STANDARD DEVIATION (STANDARD ERROR OF ESTIMATE)
n, = EFFECTIVE SAMPLE SIZE
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k = 93/95 ONE-SIDED TOLERANCE LIMIT FACTOR
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/ ' PER 7?7%0“ '
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MATERTAL____Ti 5Al 2.5 Sn FLI DIE FORGINGS/PANCAKE FORGINGS CONDITION ANNEALED
SPECIFICATIONS ANS 90297 B
PROPERTY FRACTURE TOUGHNESS, K, KSI VI,
A, DIE FORGINGS .

899/95
TEMP DESIGN DATA SOURCE
°F MEAN s n £ & ALLOWAELE CATEGORY REFERENCE,
RT 100.0  4.23 12 12 3.67 84.5 ¢ 1, 2
-160 85.4 4.23 2 12 4.20 67.6 c 2
-423 54.1  4.23 2 12 4.20 36.5 c 2
B. PANCAKE FORGINGS
-423 . 89.4 4,23 12 4.65 49.7 ¢ 2
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MATERIAL  Ti SA1 2.5Sn ELI FORM DIE FORGINGS CONDITION ANNEALED
SPECTFICATIONS ANS 90297 B '
PROPERTY NUMBER OF CYCLES TO VARIOUS STRESS INTENSITY (Ki) VALUES
LUG OF CYCLES NO. OF CYCLES
TEMP Xt n §9795 S0% DESIGN DATA SOURCE
°F KST - TN MEAN g K e £ LOWER LIMIT POINT ALLOWABLE CATEGORY REFERENCE
BT 20 4.372  0.138 3.63 6 15 3.871 23528 7431 c 2
30 3.922 1.53 10 3.435 8352 2722
40 3.501 3.48 14 3.021 3167 1049
50 3.108 .49 13 2.626 1283 423
60 2.744 3.57 2,251 555 178
70 2,409 3,68 1.901 256 80
80 2.102 3.86 1.569 127 37
=160 . 20 - 4.391 3,63 & 3.890 24594 7764 C . 2
30 3,920 3.51 11 3.436 8317 2727
40 3.478 3.46 16 3.001 3004 1001
50 3.064 3.49 13 2.582 1159 382
60 2.679 3.57 8 2,186 478 154
-423 20 4.706 5.40 0.42% 3.961 50811 9137 c 2
30 3.890 4.05 2 3.331 7774 2143
40 3.104 4,50 1 2.483 11270 304

* NORMALLY, n, IS ROUNDED TO THE LARGEST INTEGER NOT GREATER THAN THE CALCULATED VALUE.
IN THIS CASE SUCH A ROUNDING PROCEDURE WOULD BAVE YIELDED npg=0 FCR WHICH NO k VALUE WOULD
' EXIST. THEREFORE THE CALCULATED FRACTIONAL VALUE OF 0.42 WAS USED.
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MATERIAL Ti 5A1 2.5Sn ELI FORM FORGINGS CONDITION  ANNEALED
SPECIFICATIONS ANS 90297 B
PROPERTY CYCLIC FRACTURE TOUGHNESS (K1) KSI'JE
A. DIE FORGINGS k1 st -JT) _
TEMP DESICGN DATA SOURCE
°F HO. OF CYCLES MEAN s te £ k ALLOWABLE CATEGORY "REFERENCE
RT 100 83.5 3.95 2 15 4.05 67.5 c 2
1000 52,9 3.69 12 15 3.50 40,0 c
10000 28.2 3.44 9 15 3.55 16.0 C
-160 1000 51.6 3,31 12 15 3.50 40.0 c
10000 28.3 2.92 10 15 3.53 18.0 c
-423 {000 41.3 1.40 1 15 4,50 35,0 c
10000 28.6 1.58 2 15 4,05 22.2 c
B.... PANCAKE FORGINGS
-423 1000 46.2 1.40 1 15 4.50 3.9 p*
10000 . 33.6 1.58 1 15 4,50 26.5 ' C

* SEE PAGE 15.
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MATERIAL ____Ti 5A1 2,5Sn ELI FORYM DIE FORGINGS CONDITION
SPECIFICATIONS ANS 90297 B '
PROPERTY CRACK GROWTH RATE (da/dN), MICRO-INCHES/CYCLE R RT
LOG (CRACK GROWTH RATE) CRACK GROWTH RATE
' 95795
Ki UPPER 502  DESIGH
(XSI-/TN ) MEAN s "e £ k& LmMIT POINT  ALLOWABLE
20 0.696  .156 9 103 2,98  1.161 5 14
30 1.314 21 2,81 1.752 21 57
40 1.751 46 2,73 2.177 56 150
50 2.091 75 2.69  2.511 123 324
60 2.369 74 2.69  2.789 234 615
70 2.603 43 2,71 3.026 401 1061
80 2,806 37 2,75 3.235 640 1718
90 2,986 27 2.78  3.420 967 2628
100 3.234 16 2.86  3.680 1708 4788
110 3.504 26 2.78  3.938 3188 8663
120 3.751 19 2.83  4.192 5636 15577
- 130 3.979 10 2.95  4.439 9518 27942
140 4.189 3,09 4.671 15461 46886
150 4.385 3.24  4.890 24289 77703

G6
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DATA
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MATERIAL Ti 5A1-2.5Sn ELI FORM DIE FORGINGS CONDITION  ANNEALED
SPECIFICATIONS  ANS 50297 B
PROPERTY, CRACK GROWTH RATE (da/dN), MICRO~-INCHES/CYCLE @ ~160°F, ~423°F
LOG (CRACK GROWTH RATE) CRACK GROWTH RATE
- 99/95
TEMP KL a UPPER 50% DESIGN DATA SOURCE
°F {KSI-TH) MEAN s e £ k LIMIT POINT  ALLOWABLE CATEGORY REFERENCE
-160 30 1.045 .0887 6 41 3.23 1,331 11 21 C 2
40 1.534 14 3.04 1.803 34 64
50 1.913 30 2,95 2,174 a8z 149
60 2.222 42 2.92 2.481 167 303
70 2.484 33 2.94 2.745 305 556
80 2.711 21 2.99 2,976 514 947
90 2,911 14 3,04 3.181 815 1516
-423 30 1,171 0.327 5 16 3.64 2.361 15 230 C 2
a5 -1.50% 3.51 2.649 32 445
. 40 1.998 12 3.46 3,129 100 1347
45 2.601 11. 3.47 3,736 399 5441
50 3.269 7 3.56 4,433 1858 27109
55 3.97¢9 3.71 5.192 9533 155657
60 4.715 4.01 6.026 51984 1062360

16




MATERTAL Ti 5A1-2.55n EL1 FORM

PANCAKE FORGINGS

CONDITTON ANNEALED

SPECIFICATION ANS 90297 B

PROPERTY  CRACK GROWTH RATE (da/dM), MICRO-INCHES/CYCLE @ -423°F

L0G_ (CRACK GROWTH RATE)

DRM:
DATE:
PAGE:

CRACK GROWTH RATE

(KS?fJTﬁ MEAN 8 T £
30 0.378  .327 2 16
35 0.707 3
40 1.204 4
45 1.807 6
50 2.475 6
55 3.185 6
60 1.921 4

ol

4.01
3.82
3.71
3.59
3.59
3.59
3.1

99/95
UFPER
LIMIT
1.689
1.956
2.417
2,981
3.649
4.359
5.134

50% DESIGH DATA
POTNT ALLOWABLE CATEGORY
2 49 C
5 90
16 261
64 957
299 4456
1532 22852 |
2339 136198 |
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1. TEST DESCRIPTION

This DRM is based upon work performed by the Boeing Aerospace Group,
Seattle, Washington under ANSC P. 0. N-01499. (Room temperature static
fracture toughness data obtained by Metallurgicael Testing Corporation under
ANSC P. O. N-02243 is also included in this DRM and has been combined with
the corresponding Boeing data. The Metallurgical Testing Corp. data was
the subject of the original DRM 04.10 which is beiné superseded by this

revision. Material from the same two lots were used in both programs).

Two heats of Ti 5A1-2.5Sn ELI per ANSC Specification ANS 90297B were
used for the test program. Heat 804722 produced by RMI, was used to fabri-
cate die forgings. Heat K8930, produced by T™MCA, was used to fabricate
both die and pancake forgings. These heats were specially prepared for ANSC.

All forgings were produced by Arcturus Manufacturing Company, Oxnard, Calif.

Fracture toughness gpecimens were fabricated from the die and pancake
forgings so as to maintain the flaw propagation direction of the specimens
parallel to the radial direction. A total of 24 specimens were fabricated
and the testing was conducted at rooﬁ temperature, ~160°F and -423°F. The
room temperature and -160°F tests were conducted in GH2 and GHe; the -423°F
tests were conducted in LH2. The 24 specimen test program was designed as an
interim program to provide statistical data from which a major test program
would be developed. The test matrix for the interim program was'designed to

be as small as possible consistent with this goal.
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Both static (KIC) and cyclic (Ki) frgcture toughness tests were con-
ducted., Omne static test and two cyelic tests were performed for each of
the die and pancake forgings. From the results, a Ki versus number of
cycles to failure curve was developed at each temperature. In additioen,
ingtantaneous crack growth rate (crack growth per cycle) data was developed
for each Ki test., The test matrix is shown in Table 1.

" Test results were as follows:

Test ' Specimen No. of K. . or Ki
Temp, °F No. Cycles : ({gl -\ IN)
RT 880471 1 (KIC) 1C3.4
830486 1 " 104.7
880489 1" 97.4
880472 191 75.9
B80473 393 56.3
880473 24377 19.2
880474 2719 44,2
880487 1500 48.6
880488 3517 35.1
880488 22000 18.8
880490 25926 19.2
880491 100 83.8
880491 1882 . 46.9

34
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Test Specimen No. of KIC or ki
Temp, °F No. Cycles (RSI - «JIN)
-160 880477 1 (Ry) 84.9
880483 1 " 86.0
880478 2738 42.3
880479 9737 30.3
880479 23502 22.3
880484 2540 ' 43.4
880485 606 57.7
880485 . 1926 4.8
-423 880476 1 (Kpo) 55.2
880480 1 " 53.4
880492 * 1 69.4
880475 1609 36.7
880482 1601 36.7
880481 12867 25.8
880493 * 10347 33.6

%  Pancake Forgings

4
PN
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TMCA
TMCA
TMCA

TMCA
TMCA
TMCA

RMI
RMI

TABLE 1 DRM:  04.10 Rl
DATE: 5 MAY 1972
PAGE: 11 OF 24
NUMBER OF OBSERVATTONS
R.T. (100 PSI GH,) -160 (1200 PSI GH,) -423 (LHy)
FORGING CRACK CRACK CRACK.
B/N "SHAPE S/N SPECTMEN STATIC  CYCLIC GROWTH STATIC CYCLIC  GROWTH STATIC CYCLIG GROWTH
1138575 RING 8 880471 1
1138575 " 8 880472 15
1138575 " 8 880473 20
1138575 " 12 BBO474% 1 16
1138575 " 12 880475 1 3
1138575 " 12 880476 1
1138576 " 5 880477 1
1138576 " 5 880478 13
1138576 " 5 B80485% 2 8
1138576 " 6 880480 1
1138576 " 6 880481 1 6
1138576 " 6 880482 1 4
1138577 " 4 880479 2 16
1138577 " 4 8R0483 1
1138577 " 4 880484 1 12
1138578 " 11 880486 1
1138578 " 11 880487 2 16
1138578 " 11 880488 2 19
1138578 CENTER 11 880489 1
1138578 " 11 880490 1 18
1138578 " 11 880491 2 19
1138579 SLICE 3 880492 1
(PANCAKE) .
" " 4 880493 1 7
" n 5 880494 1%k -
*  IN GASEOUS MELIUM; ALL OTHERS IN Hy

**  FAILED ON TNCREASING LOAD; NO CYCLIC DATA OBTAINED
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2. DATA ANALYSIS

a, Static Fracture Toughness

The Boeing KIC data consisted of 3 tests at room temperature,
two at -160°F, and three at -423°F. All specimens were prepared from die

forgings except one at -423°F which was from a pancake forging.

Results on nine specimens tested at room temperature by Metallur-
gical Testing Corporation under ANSC P.0. N-02243 (Reference 1) were also in-
cluded in this analysis. These specimens were prepared from the same two
material lots as those tested by Boeing. There was no significant difference
in fracture toughness between the two material lots and therefore the two
groups were combined.

Despite the facé that the Metallurgical Testing specimens were
tested in air, their fracture toughness did not differ significantly from
that of the Boeing specimens, tested in hydrogen. The within-group varia-

bilities were also homogeneous and the two groups were combined to form a

single group of 12 observations at room temperature.

Within group wvariabilities were found to be homogeneous over all
temperatures, and accordingly a pooled standard deviation, s, based on 12 degrees of
freedom,was calculated. The design allowables at each temperature were cal-

culated in the usual manner as X - ks.
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The pancake forging specimen had a much higher KIC than the die
forging specimens, a result expected both from previous testing experience
and from comparative microstructure. This difference is also seen in the

cyclic tests and in the crack growth rate data. The KI for the pancake

C
forging is shown separately. It was assumed that the pooled standard devia-

tion calculated for die forgings would also apply to pancake forgings.
b. Cyclic Fracture Toughness.

The method of regression analysis was used for the cyclic Ki data,
employing the G. E. computer program MULFIT. In this analysis, the cyelic
1ife is expressed as a function of the stress intensity, Ki, Because of the
small number of observations at each temperature, data for all three tempera-
tures were included in a single regression equation inm which temperature

occurs as a second independent variable.

Theoretically, the static tests could be included in this same re-
gression equation as the cyclic tests since KIC is merely Ki after one cycle.
However, no simple function could be found that would efficiently fit both
groups of data and therefore the static data were handled separately as shown
above. The use of the MULFIT program consisted of trying various functions
of ¥i, temperature and cycle life to determine a model which would fit the
experimental data with a minimum standard error of estimaté, Sgn The

following results were obtained:

28



DRM: 04.10 R
DATE: 5 MAY 1972
PAGE: 14 QF 24

n=20; s, = .138 (log units); r%= .959

Regression Equation:

Log y - 5.277 = 0494 x + 1.432 x 107" x* + 42.378 (1/) - 1.4539 (x/R

where x = stress intensity (Ki), KSI -\ in.
R = test temperature, °R
v = number of cycles.

This equation includes the quadratic function of Ki, the reciprocal
function of temperature, and a final interaction term which expresses the

differences in response for the three different temperatures.

The equation was used tc calculate the cxpected number of cycles
for various stress intensity levels at the three temperatures. These are
shown on Page 3, both in log and anti-log form. The 99/95 lower limits were
calculaﬁed as log y - ks, where the tolerance limit factor k is based upon
the effective sample size, ne,and the degrees of freedom, f, associated with

5. Finally the lower limit was converted to the anti-log form.

Probably a more useful representation of the same data is given on
Page 4. Here, the expected stress intensity after various numbers of cycles
are shown, with corresponding design allowables. These values were obtained
by back-solving the regression equation for both mean and lower limit. The
standard deviations were then estimated by dividing the difference between the

mean and lower limit by the appropriate value of k,
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The specimens tested in helium showed no extreme deviations from
their expected values and were included along with the specimens tested in

hydrogen.

The pancake forpging specimen (880493), tested at -423°F was sub-
stantially off the curve, with an actual Ki of 33.6 at 104 cycles compared
with an expected value of 28.6. It is therefore shown separately on Page 4,
and its design allowable was calculated by assuming the same standard devia-
tion as the die forgings. The stress intensity for pancake forgings at 103
cycles was estimated by extrapolating from 104 parallel to the die forging
curve, and the corresponding design allowable was again calculated by assum-
ing the same standard deviation. Because of the extrapolation, this one data

item has been downgraded to category "D".

c. Crack Growth Rate
(1) General

Instantaneous crack growth rates (da/dN) in Micro-inches per
cycle were obtained during cyclic testing. Paired data for crack growth
rate vs average Ki were provided by Boeing in the form of computer printouts.

Up to 20 data points were given for each cyclic specimen.

The data are plotted on log-log paper in Reference 2. The
growth rate increases with stress intensity in an approximately linear manner

until,at about 90 KSI -\lin, there is a fairly abrupt increase in the slope.
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The relationship could be represented by a quadratic equation over the
entire range or by two straight lines of different slopes, each represen-
ting a portion of the data. The latter model was selected because it pro-

vides a simpler and more useful regression equatiom.

The computer program MULFIT was used to perform regression

analysis. Each temperature was handled separately.

(2) Room Temperature

At room temperature ﬁhe specimen tested in helium eﬁhibited
a slightly slower crack growth than the specimens tesfed in hydrogen. The
helium data were excludad from the analysis to provide a more conservative
estimate for crack growth rate in hydrogen.

The data were divided into two groups to represent the two
different slopes, and separate regression analysis runs made for the two groups
A brief series of iterations was required to leocate the boundary of the groups
close to the intersection of the two regression lines. A reasonable boundary

was located at 90 KSI - \ in.

Regression analysis results for the two goups were:

Fquation Se* R2 :

for Ki < 90: 80 | log (da/dN) = -3,863 + 3.5045 log (Ki) |.1645 .918

]

for XKi > 90: 27 | log (da/aN) ~9.861 + 6.5466 log (K1) [.1251 .896

* in logarithmic units

|

P
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The standard errors of estimate were found to be homogeneous

for the two groups and were combined to obtain a pooled Sq of .156 based on

103 degrees of freedom,

The expected value of the log of growth rate was calculated
from these two equations for a series of stress intensity levels. The upper
99/95 limits were determined as Expected Value + kse’ where the k values

correspond with calculated effective sample size and f = 103.

Finally both the expected values and the 99/95 limits were

converted to anti-log form (micro-inches per cycle).
3. -160°F

At -160°F, data points in the upper slope region were few in
number and were extremely erratic. Regression analysis was, of necessity,
confined to the determination of a single straight line for the region of
K1 &£ 90 KSI -y in. The specimen tested in helium yielded results that were
typical of the three specimens tested in hydrogen and therefore these results
were included in the same analysis.

The results were:

' s 2

n Regression Equation e R

for K £ 90 43 log (da/dN) = «<4.733 + 3.9115 log x l .0887 .968

The calculation of expected values and design allowables

followed the procedure used for the room temperature data.
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(4) -423°F

At -423°F the pancake forging specimen exhibited a sub-
stantially lower crack growth rate at all Ki levels in comparison with
the die forgings. A change in slope is indicated in the vicinity of
45 KST - Q;E;. for both forging types, but the numﬁer of data points is
too small to determine the two separate regression lines for the purpose
of calculating design allowables. As an alternafe,-the quadratic model
was used over the entire data range. In this analysis, forging type was
input as a dummy variable, Xy which was assigned a value of zero for die
forgings and of one for pancake forgings. This technique results in two
regression lines having the same slopes but different intercepts.

The results were as follows:

n Regression Equations* Se R2

20 log (da/dN) = 60.614 -~ 83.453 log x1+ 29.253 (log xi2.794x2 .327 .901

For die forgings, Xy = 0 and the last term drops out. For
pancake forgings, X, = 1 and the last term becomes -,794 which may be combined

with the intercept 60.614 to produce a curve parallel with the first.

The regression equation was used to determine expected growth rates
and 99/95 design allowables in the same manner as the other two temperatures.

Pancake and die forgings are listed separately.

* Xy = Ki; X, = forging type.

103
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Linear regression equations for the two slopes were also
calculated and are presented for Information even though they were not
used for calculating design allowables. The division of the data is based

on a boundary value for da/dN of 100 micro-inches/cycle.

da/dN n Regression Equation * %e r?
:;100 11 -30.217 + 19.857 log X = 1.187 X, 409 .789
> 100 9 -6.578 + 5.257 log X - .A66 X, .083 .924

* = - 3 - = i = =
% Ki (KSI \lln), Xy Forging Type (x2 0 for Die, X, 1 for Pancake)
(5) Plots

Crack growth rate curves for the three temperatures are pre-

sented in Figures 1 - 4. Both the expected values and design allowables are

shown.
d. Data Categories

The data are all categorized as '"C" except for one "D" entry discussed
above. Although the sample sizes for crack growth rate data far exceed the
requirements for "A" data, these represent multiple observations per specimen,

rather than an adequate number of specimens.

104
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The intent of the data analysis and classification procedures is
to make adequate allowance for material variability. To be consistent with
this intent, the number of specimens, rather than the total number of obser-

vations is the logical criteriom.

In the few cases where the specimen matrix meets the requirements
of TD-28, there is still insufficient representation of material lots and
forging configurations for such factors to be investigated adequately, and
allowances made for their effects. Therefore none of the data have been

classified above category "C".
3. REFERENCES

(1) Metallurgical Testing Corporation Test Report, Laboratory
No. 12-109¥, 18 January 1972
(2) "Flaw Growth of Various NERVA Engine Materials", by W. D. Bixler,

Aerospace Group, The Boeing Company, March 1972,
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MATERTAL ~ ~  A-28B% ‘ FORM - PANCAKE FORGINGS

DEM:
DATE:
PAGE:

SPECIFICATIONS AMS 5737
PROPERTY CYCLES TO VARTOUS Ki LEVELS

LOG OF CYCLES

12 MAY 1972
2 OF 11

CONDITI.ON SOLUTION TREATED AND PRECIPITATION HARDENED

NUMBER OF CYCLES

99795

K1 a LOWER
(KSI - IN) MEAN [:] e - £ k LIMIT
40 4,230 .118 3 8 4.42 3,708
50 . 3.876 .118 8 4.16 3.385
1Y 3,522 .118 g 4.14 3.033
70 3.168 .118 4 4.32 2.658

N

-t

507 DESIGN DATA
POINT  ALLOWABLE CATEGORY
16980 5110 c
7516 2427
3327 1080
1473 455

SOURCE

REFERENCE

1
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MATERIAL A-286 FORM PANCAXE FORGINGS CONDITION SOLUTTON TREATED AND PRECIPITATION HARDENED
SPECIFICATIONS ' AMS 5737
PROPERTY CYCLIC FRACTURE TOUGHNESS, Ki, KSI -y IN
Ki, KST -‘) IN
99/95
NUMEER a LOWER DATA . . SOURCE
OF CYCLES MEAN s e k LIMIT CATEGORY REFERENCE
1 95.5 4 - - B3.5 * c 1

1000 74.8 3.17 3 4.42 60.8

10000 46.5 3.67 6 4,22 31.0

*

A

CONSERVATIVE ENGINEERING ESTIMATE
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MATERTAL A-286 . _FORM ' PANCAKE FORGINGS R CONDITION __ SOLUTEON. TREATED. AND PRECTPITATION HARDENED
SPECIFICATIONS AMS 5737

PROPERTY CRACK GROWTH RATE, da/dN, MICRO-INCHES/CYCLE

LOG  (da/dN) da/dy
99/95

K1 UPPER 507 DESICN DATA SOURCE
XSI - v IN MEAN 5 Te f k LIMIT POINT ALLOWABLE CATEGORY REFERENCE
40 0.611 .203 5 30 3.37 1.295 4 20 c 1
50 1.082 .203 13 30 3,15 1.721 12 53

&0 1.467 .203 30 30 3.05 2.086 29 122

70 1,793 .203 24 30 3.07 2.416 62 261

80 2.105 .332 5 15 3.68 3.327 127 2122

%0 2.736 .332 15 15 3.47 3.888 544 7728

100 i 3.300 332 11 15 3.51 4,465 1998 29156
110 _ 3.811 .332 5 15 3.68 5.033 6475 107835

'
dede
2
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1. TEST DESCRIPTION

This DRM is based upon work performed by the Boeing Aerospace Group,

Seattle, Washington, under ANSC P.O. N-01499.

One lot of A-286 Pancake Forging per AMS 5737, procured from the
Whittaker Corporation, West Coast Forge Division, Compton, California was
used in the test program. Fracture toughness speéimens were fabricated so
as to maintain the flaw propagation direction of the specimens parallel
to the radial direction of the forging. A total of 11 specimens were

fabricated. Testing was conducted at room temperature.

A total of 6 specimens were tested in GH2 and 5 specimens were tested
in GHe to note the effect of hydrogen on the toughness of the material.
Both static (KIC) and cyclic (Ki) fracture toughness tests were conducted.
The test matrix, giving the test conditions and number of specimens tested

was as follows:

Test o Test Environment (1200 psig)
Type _ GHe GHZ——
Static Fracture 1 1
Cyclic Fracture 4 5

From these results, a Ki versus number of cycles to failure curve was
developed for each test condition. 1In addition , instantaneous crack growth

rate (crack gfowth per cycle) data was developed for each Ki test.
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The test results were as follows:

Specimen Test No. of Ki
Number Environment Cycles KSI - Vﬁﬁ;_
880051 GHe 1 95.1
880052 GH2 1 95.9
880060 GHe 1042 75.7
880058 : GHe 3421 62.4
880054 GHe 24800 40.3
880053 GHe ' 14827 37.8
880053 GHe 4800 57.6
880061 GH, 1052 ' 72.6
880057 GH2 2914 62.5
880062 GH, 2150 60.6
880056 GH, 17176 42.8
880055 GH,, 5837 48.2

As seen from this table, one of the specimens (880053) generated two
observations, In addition, instantaneous crack growth data were supplied
by Boeing on computer printouts, up to 9 pairs of observations (da/dN vs Ki)

per specimen.

45
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2, DATA ANALYSIS

a, Fracture Toughness

The two static fracture toughness tests failed to yield valid
KIC data. Instead they are reported as a special case of Ki, at one cycle.
There was no appreciable difference between the tests in helium and hydro-

gen; therefore the two were combined.

Reéression analysis, with the aid of the G.E. computer program
MULFIT was used for the cyclic fracture toughness data. An attempt was
made to use the static test results.in the same regression equation, but
no simple function was found which would fit the combined data without =z
large increase in the standard error of estimate. The one cycle data re-
ported on Page 3 merely represent the averapge of the 2 static tests. The
standafd deviation of 4 is a conservative estimate from other materials,
and the design allowable shown is an engineering estimate (3-sigma) rather

than a 99/95 limit.

& linear equation (Ki vs log cycles) was found to fit the combined

hydrogen and the helium data very well. The results were as fellows:

‘ . s * 2
n Regression Equation e R

14 log N = 5.646 - .03539 Ki 118 .934

* din logarithmic units.
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This equation was used to calculate expected values of log N
for various Ki levels from 40 teo 70 KSI - Jfﬁ. The 99/95 lower limits
were calculated in the usual marner and finally both expected values and
limits were converted to anti-log units (number of cycles). To place the
data in a more useful form, the equation was back-solved to yield expected
and allowable Ki's for 1000 and 10000 cycles. These are given on Page 3.

Results are shown graphically in Figure 1.
b. Crack Growth Rate (da/dN)

The data from the computer printouts were divided into two groups,
below and above Ki = B0. These represeﬁt the two slopes of the lines rela-
ting log (da/dN) as a function of Ki. The compuﬁer program MULFIT was used
to determine the least squares regression lines. The analysis was first
done separately for the hydrogen and helium groﬁps, but when no appreciable

difference was found they were combined.

The results were:

n Regression Equation* Se** _R2
Ki < 80 32 logy=-7.183 + 4.865 log x .203 .804
Ki > 80 17 log vy = 21.379 + 12,340 log x .332 +755

* y = da/dN, micro-inches per cycle; x = Ki

*% in logarithmic units.

g4
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These equations were used to calculate expected values of log (da/dN)
for various Ki levels, Design allowables were then calculated in the usual

manner. The results are plotted in Figure 2.

3. REFERENCES

(1) "Flaw Growth of Various NERVA Engine Materials', by W. D. Bixler,

Aérospace Group, The Boeing Company, March 1972,
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MATERIAL- AA 6061 o OBORMC SHEET (.160") CONDITION "f'ﬁ'
SPECIFICATIONS . DIRECTIUN TRANSYIRSE
PROPERTY FLEXURAL FATIGUE CYCLE LIFE @ RT
LOG OF CYCLES NUMBER OF CYCLES X 10°
- . 95795 | E1irs FESIGHN . DATA SOURCE

STRESS, KSI MEAN [} k _ LIMIT ] POINT LLLOWABLE @ £ CATEGORY REFERENCE

32 4,683  .131  A.12 4.274 48 19 9 41 c 2

30 4.826 3.06 4.425 67 27 . 12

28 4.991 3.00 4.538 98 40 18

26 5.180 2.95 4.794 151 62 27

24 5.401 2.92 5.018 252 104 18

22 , 5.662 2.92 5.279 459 190 42

20 5.975 2.93 5.591 944 390 36

18 : 6,358 2.96 5.970 2280 934 25 4

16 §.837 3.01 6.443 6371 2771 17
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AL 6061 FORM sureT (.160") - CONDITION 'r'ﬁ"
SPECIFICATIONS TIRECTTON TRANSVERSE
PROPERTY FLEXURAL FATIGUE STHENGTH @& RT
RECTPROCAL STRESS STRESS, K5I )
KO, OF LOG QF 63795 DESIGN a DATA SQURCE:
CYCLES CYCLES MEAN 5 x LIMIT MIAN ALT.OVABLE a f CATEGORY RETERENCE
10° 5.0 L0358 00190  3.00 L0415 27,9 24,1 18 41 c 2
3.6 X 10° 5.5 0431 2.93 L0487 23,2 0.5 | 40 41
106 6.0 ,0503 2.9 0559 19.9 17.% 36 41
316 X 105 6.5 0576 2.98 L0633 17.4 15.8 22 41
4
;uzx
e.\;
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Flexural fatigue tests were conducted at room temperature on 50

specimens of AA 6061=T6 .160-in. sheet from Harvey Aluminum Heat HWo.

Order N-00235, as described in References (1) and (2).

. 333/6402-A. The testing was performed by Boeing Wichita per ANSC Purchase

Specimens were

oriented so that flexing occurred perpendicular to the longitudinal grain

flow direction.

15 to 38.5 ksi, selected to produce failure at between lOA and 107

Testing was conducted at a number of stress levels, from

cycles.
The following data were obtained:
STRESS LEVEL KST
15 16 18 20 22 24 28 31 38.5
10000+ 6056 2008 1189 380 361 17 49.6 12.13
10000+ 2690 - 976 414 261 84 42.0 11.6%
6405 1788 798 671 397 139 26.8%
9332 2516 1150 367 251 85 15,9%
11932 1720 650 351 187 127
3490 3826 527 598 295 132
3517* 1659 1703% 367 83
5125% 2000% 1236%
1633 1906%*
7572%
1480%

+ DID NOT FAIL.

l1ife shown.

Observation used in analysis by assuming failure at cycle

* WNOT USED TN ANALYSIS.

occurred at a

grip.

Test considered invalid, usually because failure
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II. DATA ANALYSIS

After the indicated exclusions, 43 observations remained. The data
were analyzed by fegression analysis following the general methodology of
Reference (3). The computer program MULFIT on the G.E. Time-Sharing Com-
puter System was used to select a regression model for log cycle life versus
stress and to obtain the associated least squares.regressiOn equation. The

results of this analysis were:

Standard
Error of
Estimate Index of
n Regression Equation ¥ (log units) Determination

43 log v = 2.529 + 68.924 (1/x) 0.131 .965

%
4
il

mumber ~f cyeles to failure

stress level, ksi

»
il

The reciprocal transform of stress used in the above equation, exhibited
a better fit to the data than either the linear or logarithmic transforms.

The predicted mean values of log y and the effective sample sizes (n.)
were calculated for a number of different stress levels as shown on Page 2.
One-sided 99/95 tolerance limit factors (k) corresponding to the effective
sample sizes were determined by means of the computer program TFAC. The
99/95 lower limits were then calculated at each stress level in log units.
Finally, both the means and 99/95 limits were converted b;ck Lo numbers of

cycles by taking their anti-logs. S5-N curves are shown in Figure 1.

175
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On Page 3, the predicted strength for various number of cycles to
failure, and the associated n,» k, and design allowables are shown. The
method used to estimate the distribution of strength from the distribution
of cycles to failure was an approximate one.
The 99/95 limits were first calculated in reciprocal stress units.

Finally, the means and 99/95 limits were converted back to KST.

The data are categorized as "C" because only one material lot was used,

II1. REFERENCES
(1) First Quarterly Report, CY 1971, NERVA Materials Development,
s131-MQRO6-W1B7£2,
(2) Boeing, Wichita Division, Report No. 1433, "Aerojet-General
Flexure Fatigue Test Program - 6061 T6 Aluminum Alloy'",
9 December, 1970.

(3) NERVA Program Procedure R101-NRP(O2, "Sampling for Fatigue Test",
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AEROJET WUCLEMR SYSTEMS COMPANY

MATERTALS DATA RELEASE

CONTENTS
DATA
MATERTAL FORM CONDITION PROPERTY : - CATEGORY PAGE
58 201 SHEET FULL-HARD ULTIMATE TENSTLE ‘ c 2
STRENGTH

(HYDROGEN & INERT ENVIRONMENTS)

PREPARED BY: CLASSIFICATION:
AL erme UNCLASSIFIED

PER 77‘7&’[:4,{;—’

DATE 3}/{;//72_

, REVIEWED BY: /_~3
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MATERIAL §§ 301 FORM SHEET (,035") - CONDITION FULL HARD

SPECIFICATIONS QQ5-766C

PROPERTY ULTIMATE TENSILE STRENGTH, KST

MEAN ESTIMATED
GASEOUS NO. OF VALUE STANDARD DEVIATIDN ESTIMATED * . " DATA SOURCE
ENYV IRONMENT ORSERVATIONS X a DESIGN ALLOWABLE " "CATEGORY REFIRENCE
" HYDROGEN @ RT 3 69 10 39 c 1
INERT @ ET 1 220 10 190 ‘ c 1

*  CONSERVATIVE ENGINEERING ESTIMATE, NOT 92/95 LIMIT

o ‘ E
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I. TEST DESCRIPTION

Four specimens of 301 stainless steel were tensile-tested at room
temperature, three in gaseous hydrdgen @ 1200 psi and one in gaseous
helium at the same pressure. The work was performed by the ALRC Research

Physics Laboratory and is reported in Reference (1).

The material, from Ulbrich Heat No. 39497 was .035" sheet in the
full hard condition, per Specification QQS=766C. The specimens were flat,

dumbbell shaped, and about 0.25" in width. The test results (ultimate ten-

sile strength, ksi) were:

Helium Hydrogen
220 59

73

74

I1. DATA ANALYSIS

The material obviously underwent severe embrittlement in hydrogen.
There are too few observations to warrant much statistical analysis. To
obtain an estimate of the specimenwté-specimen variability 1In the hydrogen
group, the standard deviation of the above group wasrpooled with that of a
group of four AISI 9310 specimens, alsc tested in hydrogen at room tempera-
ture and reported in References (1) and (2). The resulting estimated
standard deviation was 10 ksi. A 99/95 design allowable Ealculated in the
usual manner would be extremely low and therefore unusable. Since the data
are "C" category, a conservative engineering estimate in lieu of a 99/95
limit is considered adequate and was made by subtracting 3 standard devia-

tions from the mean.

330
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ITT, REFERENCES
(1) "NERvA Tensile Test Report", Research Physics Laboratory, AIRC,
26 July 1971. |
(2) ANSC DRM 31.02, dated 10 September 1971. (Ultimate Tensile

Strength of AIST 8310).,
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AERQJET NUCLEAR SYSTEMS COMPANY

MATERTALS DATA RELEASE

EENTENTS
. - . - DATA
MATERTAL FORM - . CONDITION S PROPERTY . CATEGORY PAGE
HASTELLOY X PLATE - FURNACE BFAZED . TENSILE ULTIMATE STRFNGTH Cc 2
TENSILE YIELD STRENGTH c 3
ELONGATION [ o4 4
SYMBOLS USED ON PAGES 2 - 4
I » GROUP AVERAGES
n = SAMPLE SIZE ASSOCIATED WITH X
f = DEGREES OF FREEDOM FOR POOLED WITHIN-GROUP STAWDARD DEVIATION
kK = 99/95 LOWER TOLERANCE LIMIT FACTOR FOR n AND f
ﬁ .
’f&f__) s = POOLED WITHIN-GROUP STANDARD DEVIATION ,
e
£y
PREPARED BY: “ P77 f¢ It oermeliy can < : CLASSIFICATION:
- . - , |
REVIEWED BY: W&,&r ' UNCLASSIFIED
V/ - L]
PER:?@MM“'&—&:M

DATE 2 © “oofa—ad /572
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\\\\\ N _\\ \-‘\ s . .~

N “ |
MATERIAL % BASTELLOY X o~ - U » . = " FORM  PLATE . s, CONDITION FURNACE BRAZED

SPECIFICATIONS ~ ~ .AGC 90056 D

PROPERTY TENSILE ULTIMATE STRENGTH, KSI, @ 540°R b
. 99/95

. , ) _ . ] LOWER - DATA . SOURCE
FLUENCE, N/CM° (£ 5 1.0 MeV] ) I - s s~ f .k  LIMIT - CATECORY ~. REPEKENCE
UNIRRADIATED 135,2 2,01 4 19 3,621° 127.9 c BN ¢S
" 5.4 x 1007 ) 142,1 2,01 4 19 . 362 134,8 c (1)

1.2 % 10*8 , 150,7 2.01 i 19 3.621 143.4 c W

5.0 x 10*° 170.5 2,01 3 19 3.686 163.1 ) c W

5.0 x 10%% 4 550°R ANNRAL # ' 162.2 2,00 . 2 19 3.408 156,0 \ c )

* 10, 100 AND 1000 MINUTES, ¥NO SIGNIFICANT EFFECT OF ANNEALTNG TH{ESg THEREFORE DATA FOOLED,

NOTE: TOR MATERIAL EVALUATION ONLY. DO NOT USE FOR DESIGN. ©

A
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p .

MATERIAL HASTELLOY X . _ FORM _ PLATE v . ~ ..~ . 7 CONDITION FURNACE BRAZED -~ « - .
SPECIFICATIONS  AGC 90056 D
PROPERTY TENSILE YIELD STRENGTH, KST @ 1450%R. . N
. 99/95
) . o LOWER DATA SOURCE

FLUENCE, N/C° (E> 1.0 May) . K 8 w0 ¢ K LTMIT CATEGORY REFERENCE

: i _ ST : =
UNTRRADIATED 71,2 1,77 4 19 3,621 . 64,8 c )
5.4 x 107 1016 1,77 4 19 . 3621 95,2 ¢ )
1,2 x 1018 113.8 1,77 4 19 3.621 107.4 z (1)
5,0 x 101 144.8 1,77 3 19 3,686 138,3 c (1)
5.0 % 10'% + 540°R ANNEAL # , 126,2 1,77 9 19 3,408 120,2 ¢ )

* 10, 100 AND 1000 MINUTES, NO SIGNIFICANT EFFECT GF ANNEALING TIMES; THEREFORE DATA POOLED .
NOTE: TOR MATERTAL EVALUATION ONLY. DO NOT USE FOR DESIGH, N

)
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MATERTAL . FASTELLOY X _ = FORM_ PLATE : ___CONDITION ___FURNACE BRAZED
SPECIFICATIONS Accﬂéddgé”D: 3 — ) '
PROPERTY ELONGATION, % @ 140°R
g9/95

2 - LOWER. : DATA SOURCE
FLUENCE, N/€M% (E > 1.0 MeV) _ % s n £ x LIMIT CATEGORY REFERENCE
UNTRRADIATED 28,0 1.31 4 19 3.621- 23.3 : c 1)
5.4 x 1077 20.3 1.3t 4 19 1.621 15.6 c (1)
1.2 x 168 19.0 1.31 4 19 3.621 14.3 c (1)
5.0 x 1018 14,0 1.31 3. 19 3.686 9.2 c (1)
5.0 x 108 + 540°R ArvEAL * : 16.6 1,31 9 19 3,408 12.1 _ ¢ (1)

# 10, 100 AND 1000 MINUTES, KO SIGNIFICANT EFFECT OF ANNEALING TIMES; THEREFQRE DATA POOLED.

NOTE: FOR MATERIAL EVALUATION ONLY. DO NOT USE FOR DESIGN.
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Round button-head tensile specimens per AGC P/N 1134298 were prepared

from a Hastelloy X plate from Union Carbide Heat 2610-6-2183. It was pre-

viously used as part of a coolant channel and subjected to furnace braze

cycles 1950, 1825 and 1775°F.

The specimens were irradiated at 140°R to three different fluence levels

in test GITR-20C at Convair Aerospace Division/Fort Worth.

In addition, three

groups of specimens were annealed at 10, 100 and 1000 minutes- at 540°R after

irradiation to the highest of the three fluence levels.

mens and an unirradiated control group were tensile tested at 140°R.

The irradiated speci-

The re-

sults of the tensile tests are shown in the following table where each entry

is the average of 3 or 4 specimens.

Post-Irradiation Ultimate Yield
Fluence Anneal, 540°R No. of Strength Strength Elongation
(n/cwZ, E > 1 MeV) (Minutes) Specimens (ksi) (ksi) (%)
Unirradiated 0 4 135.2 71,2 28.0
5.4 x 107 0 4 142.1 101.6 20.3
1.2 x 10%8 0 4 150.7 113.8 19.0
5.0 x 10M8 0 3 170.5 144.8 14.0
5.0 ¥ 1078 10 3 162.3 127.8 16.7
5.0 X 10°° 100 3 162.9 126.6 15.3
5.0 x 10%8 1000 3 161.7 124 .4 17.8
176
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II. DATA ANALYSIS

For all three properties, the within-group variances were found to be homo-
geneous and accordingly were pooled over the seven groups, The resulting pooled
standard deviations were used to calculate the 99/95.lower limits. There was no .
significant difference between specimens annealed for 10, 100 or 1000 minutes,
therefore, the data from these three groups were pooled for each property for
calculation of mean and degrees of freedom. Yield and ultimate strengths in-
creased with increasing fluence and elongation decreased. Original properties

were partially recovered in the 540°R post irradiation anneal.
TTI .REFERENCES

1. General Dynamics, Convair Aerospace Division Report FZK-~381l, NERVA
Irradiation Program, GTR-20C, Combined Effects of Reactor Radiztion

and Cryogenic Temperature on NERVA Structural Materials, May 1971,

3237
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CONTENTS
‘ DATA
MATERTAL FORM CONDITION PROPERTY CATEGCRY, PAGE
HASTELLOY X ALL ALL : DYNAMIC MODULUS . c 2
POISSON'S RATIO C 3
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MATERTAL HASTELLOY X FORM _ ALL CONDITION
SPECIFICATIONS
PROPERTY DYNAMIC MODULUS, PSI (X 105)
) DEGREES  TOLERANCE
MEAN STANDARD OF LIMIT DESICN
TEMPERATURE ¥O. OF VALUE DEVIATION  FPREEDOM  PACTOR ALLOWABLES DATA SOURCE
°F OBSERVATIONS % s £ k LOWER ____UPPER CATEGORY REFERENCE
=320 4 32,74 0.64 9 4.68 29.7 35.7 ¢ 1
RT 4 31.29 0.64 9 4.68 28.3 34.3 c 1
600 4 29.01 0.64 9 4.68 26.0 32.0 c 1
ke
"3
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MATERIAL HASTELLOY X FORM ALL CONDITION ALL
SPECIFICATIONS
PROPERTY POISSON'S RATIO
DEGREES  TOLERANGCE
MEAN STANDARD or LIMIT LDESIGN
TEMPERATURE NO. OF VALUE DEVIATION  FREEDOM  FACTOR ALLOWABLES DATA SCURCE
°F OBSERVATIONS X 5 f k LGWER UPPER " CATEGORY. REFERENCE
-320 4 .2915 0031 9 4,68 .279 . 308 C 1
RT 4 L2968 0031 g 4.68 282 311 C i
600 4 3058 20031 9 4,68 2251 320 C 1
o

G
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I. TEST DESCRIPTION

Dynamic Modulus and Poisson's ratio of Hastelloy-X at -320°F, RT,
_ and 600°F were measured by WANL per ANSC P. O. N-01728. The material
submitted for testing was 5 1/4" X 1 1/4" plate per AGC 90d57—20, in
the simulated furnace-brazed condition.

A singie test specimen, per ANSC P/N 1138310, was fabricated from
the material and used for all the determinations. An ultrasonic technique,
described in Reference (1),was used. Four determiﬁatiéns were made at each
of the three temperatufes. The results are reported in Reference (2) and
are considered to apply for all forms and conditions of the material,
Averages for each temperature are shown on pages 2 and 3.

II. DATA ANALYSIS

Normally, design values for these physical properties would be reported
aé nominal + 5%. (Reference (3)). However, since the replicate determina-
tions provide a measure of experimental erfor variability, the design values
were calgulated as true 99/95 limits.  All variability is attributed to
test error rather than to the material.

The within-temperature variances were found to be homogeneous by means
of the Bartlett-Dox test and accordingly were pooled inte a single variamce
estimate, 52, based on 9 degrees of freedom. Two-sided éélerance limit fac-
tors, k, were determined from Reference (4). Finally, 99/95 limits were cal~

culated as X + ks,

N
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ITI, REFERENCES

1. WANL Test Plan 38-10, Project 485G, dated 5 August 1971.

2, Letter from R. F, Dicksoul(WANL) to J. L. Dooling (ANSC)
dated 22 October 1971, Subject: "Prﬁject 485, Test Plan M-38
.Line 10, Requisition No. N~01728: Dynamic Modulus Tests.

3. Letter, L. C, Cofrington {SNS0-C} to W. 0. Wetmore (ANSC)
dated 5 January 1972, Subject: "Classification, Interpretation
and Use of Materials Property Data'.

4. A. Welssberg and G. H. Beatty, "Tables of Tolerance - Limit

Factors for Normal Distributions", Technometrics, Vol. 2, No. 4

p. 483-500 (1960).

g Wst

EG



DRM! 12.03
DATE: 11 MAY 1972
PAGE: 10F 11

AEROJET NUCLEAR SYSTEMS COMPANY
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HASTELLOY "X" PLATE SIMULATED FURNACE BRAZE

EXPLANATION OF SYMBOLS ON PAGES 2 - 4
s = STANDARD DEVIATION (STANDARD ERROR OF ESTIMATE)
k = 59/95 ONE-SIDED TOLERANCE LIMIT FACTOR
n_ = EFFECTIVE SAMPLE SIZE

£ = DEGREES OF FREEDOM FOR s

ennsn 51 A,

i A /
REVIEWED BY: ,-;;/.) Pt P —
§ | #2al

MATERIALS DATA RELEASE

DATA
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CYCLES TO VARIOUS Ki LEVELS c 2
CYCLIC FRACTURE TOUGHNESS c 3,
CRACK GROWIH RATE C 4
(ROOM TEMP., GH,, 1200 PSIG)

L

CLASSIFICATION:
UNCLASSIFIED

PER WCP Ly~
DATE .bf /172




MATERIAL

HASTELLOY "x"

SPECTFICATIONS

PROPERTY

AGC 90057-2D

Ki

Ks1 - JIN
o
40
50
60
70
80

90

g

&

44 28
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FORM PLATE CONDITION  SIMULATED FURNACE BRAZE
NUMBER OF CYCLES TO VARICUS Ki LEVELS
LOG OF CYCLES NUMBER OF CYCLES
99795
LOWER 50% DESIGN DATA SOURCE
MEAN B e f k LIMIT FPOINT ALLOWABLE CATEGORY REFERENCE
4. h44 L0464 2 10 4.35 4.242 27789 17465 ¢ 1
3.852 a 4.17 3.659 7108 4555
3.310 4 4.07 3.121 2041 1322
2,818 6 3.96 2.634 658 431
2.376 6 3.96 2,192 238 156
1.984 5 4.00 1,798 97 . 63
1.643 3 4.17 1,450




. F
MATERTAL HASTELLOY "X

CONDITION

, FORM _ PLATE
SPECIFICATIONS AGC 90057-2D .
PROPERTY CYCLIC FRACTURE TOUGHNESS, Ki, KSI -Q in)
Kl |, kST ~fam

89795
A _ N LOWER
N0. OF CYCLES MEAN S e f k LIMIT
1 97.0 4 * - - - 850"
100 , 79.6 1.25 5 10 4.00 74.6
1000 : 56,2 0.96 6 10 3.96 52.4
10000 37.4 0:78 2 10 4,35 34.0°

]

CONSERVATIVE ENGINEERING ESTIMATE; NOT 99/95 LIMIT.

DRM:
DATE:
PAGE:

STMULATED FURNACE BRAZE

12.03
11 MAY 1972
30F 11

DATA
* CATEGORY

c

S0URCE
REFERENCE

1



MATERIAL HASTELLOY "x" ' FORM FLATE

SPECTFICATIONS AGC 90057-2D
PROPERTY CRACK GROWTH RATE (da/dN), MICRO-TINCHES PER CYCLE

LOG (CRACK GROWTH RATE)

DRM: 12.03
DATE: 11 MAY 1972
PAGE: 4 OF 11

CONDITION SIMULATED FURNACE BRAZE

CRACK GROWTH RATE

99/95

Kt , UPPER 50% DESIGN DATA
Xs1 - ViV , MEAN s "e £ k LIMIT POINT ALLOWABLE CATEGORY
40 1.167 177 5 a5 3.33 1.756 15 57 c
50 _ 1698 11 3.13 2,252 50 . 179
60 ‘ 2.131 21 3.03 2.667 135 ) 465
70 ‘ 2.498 34 2.99 3,027 313 1065
80 ' 2.815 35 2.98 3,342 654 2200
90 3,095 ' 25 3.01 3.628 1246 4244
100 - 3.346 : 17 3.06 3,888 2218 ) 7720
1o - 3,573 / 12 .1 4.123 3738 13288

brrl

SOURCE

REFERENCE

1
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1. TEST DESCRIPTION

This DRM is based upon work performed by the Boeing Aerospace Group,

Seattle, Waschington, under ANSC P. 0. N-01499.

One lot of-Hastelloy "{" plate per AGC 90057-2D, Heat No. 2610-0-4007,
procured from the Stellite Division of the Cabot Corporation, Kokomo, Indiana,
was used in this test program. The material was subjected to a final heat
treat (simulated furnace braze cycle) by Pyromet. Fracture toughness speci-
mens were fabricated from the plate material s¢ as to maintain the flaw
propagation direction of the specimens parallel to the rolling directiom.

A total of 12 specimens were fabricated. Testing was conducted at room

temperature.

A total of 6 specimens were tested in GH, and 6 specimens were tested

2
in GHe to note the effect of hydrogen on the toughness of the material.
Both static (KIC) and cyclic (Ki) fracture toughness tests were conducted.

The test matrix, giving the test conditions and number of specimens tested

was as follows:

Test Test Environment (1200 psig)

Statie Fracture 1 ‘ 1
Cyclic Fracture 5 . 5

From these results, a Ki versus number of cycles to failure curve was
developed for each test condition. In addition, instantaneous e¢rack growth

rate (erack growth per cycle) data was developed for each Ki test.

ﬁd e ?
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The test results were as follows:

Specimen Test No. of Ki
Number Environment Cycles KsI -\Fﬁ;
880063 | cH 1 95.5
880064 GHe 1 98.6
880068 GHe 445 69.1
880065 ' GHe 1475 56.7
880069 GHe 8469 42.7
880072 GHe : 16923 37.3
880066 GHe 51075 28.6
880066 GHe 112 57.4
880070 GH, 214 , 72.7
880070 - cH, : 41 92.2
880067 GH, 1120 56.4
880067 GH, 49 . 86.9
880071 CH, 4307 43.8
880071 GH, 115 78.7
880073 GH, 6598 39.3
880073 GH, 403 64.8

As seen from this table, four of the specimens generated two observa-
tions each. In addition, instantaneous crack growth data were supplied
by Boeing on computer printouts, up to 11 pairs of observations (da/dN vs Ki)

per specimen.

148
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2. DATA ANALYSIS

a. Fracture Toughness

The two static fracture toughness tests failed to yield valid
KIC data. Instead they are reported as a special case of Ki, at one cycle.
There was no éppreciable difference between the tests in helium and hydro-

gen; therefore the two were combined.

Regression analysis, with the aid of the G.E. computer program
MULFIT was used for the cyclic fracture toughness data. An attempt was
made to use the static test results in the same regression equation, but no
simple function was found which would fit the combined data without & large
inerease in the standard error of estimate. The one cycle data reported on
Page 3 merely represent the average of the 2 static tests. The standard
deviation of 4 is a conservative estimate from other materials, and the
dgsigﬁ allowable shown is an engineering estimate (3-sigma) rathér than a

99/95 limit.

A quadratic equation (Ki vs log cycles) was found to fit the data
very well. However, to provide for a moderate observed difference between
test results in hydrogen and helium, an extra variable, X, sWas introduced into
the regression equation and assigned the values Xy = 0 for hydrogen, x, = 1

2

for helium. The results were as follows:
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n Regression Egquation e R

14 log N - 6.521 — 07676 x, + 2.507 + 107% x,2 L0464 ,997

1 Xy + .183 x

2

* N = number of cycles; x, = Ki; %, = test environment.

1 2

%k in logarithmic units.
This equation was used to calculate expected values of log N for

various Ki levels from 30 to 90 KSI -y IN. By assigning x, = 0, the calculated

2
values applied to the hydrogen environment, the worst case. The 99/95 lower
limits were calculated in the usual manner and finally both expected values

and 1imits were converted to anti-log units (number of cycles). To place the

datz in a more useful form, the sguation was back-solved to yileld expected

and allowable Ki's for various numbers of cycles. These are given on Page 3.
b. Crack Growth Rate (da/dN)

The data from the computer printouts were divided into two groups,
below and above Ki = 100. These représent the two slopes of the lines relating
log (da/dN) as a function of Ki. However there were insufficient data for Ki
> 100, and only one of the slopes could be determined. The computer program
MULFIT was used to determine the least squares regression lines. The analysis
was done separately for the hydrogen and helium groups. The tests in hydrogen
showed slightly higher crack growth rates at all Ki levels; therefore the
regression line for this group was the only one used to calculéte-expected values

and design allowables,
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The results were:

Regression Equation*® e R

log v = -7.606 + 5,476 log x 177 .930
¥ y = da/dN, micro-inches per cycle; x = Ki
%% ip logarithmic units,

NOTE: The above regression equation applies at all levels of Ki from 40 to 110,

These equations were used to calculate expected values of log (da/dN)
for various Ki levels. Design allowables were then calculated in the usual

manner. The results are plotted in Figure 2.

3. REFERENCES

(1) "Flaw Growth of Various NERVA Engine Materials", by W. D, Bixler,

Aerospace Group, The Boeing Company, March 1972.

254



& U o Jdowe

8. A,

EUGENE DIETZOEN CO.
MADE IN U.

HNO, 340-L5%10 DIETIGEN CRAPH PAFER
SEMI-LOGARITHMIC
& CYCLES X 10 DIVISIONTG PER INEH

DRM: 12.03
Figure 1 DATE: 11 MAY 1672
S R A : T AR PAGET T TTIQTOFE 1T

A1

T o

UL RN
b

i

7]

Ep i

et wld)

A0 NDO

7]

P A IRV I

L

/’\/Uﬂ.

sl

t

1EER



EUGENE IMETZGEN CO,

MADE IN U, 5. A,

LRAFPH PAFER

LOGARIYHMID
3 CYCLES X 5 OYLLES

NO. 34(]-L25 DIETINEN

Figure

DRM:
DATE:
PAGE:

12.03
11 MAY 1972
11 OF 11

MICRO- WCHES /CVe L

/

4 5 6 7891

ATE d’a/'cé’/v

>

k

Crack GrzowTs

T

R ey

T

]

i

i

I z
R Em e o B




TaY

DR 29.02
DATE: 29 FEBRUARY 1972
PAGE: 1 OF 10

. AEROJET NUCLEAR SYSTEMS COMPANY

MATERTALS DATA RELEASE

CONTENTS
MATFRIAL FORM CONDITION PROPERTY , DATA_CATEGORY PAGE
$5 310 SHEET ANNEALED FATIGUE LIFE @ -320°F c 2
FATICUE STRENGTH @ -320°F ¢ S 3
b FATIGUE LIFE & -423°F c &
FATIGUE STRENGTH @ -423°F c 5
EXFLANATION OF SYMBOLS ON PAGES 2 - S
s, = STANDARD DEVIATION (STANDARD ERROR CF ESTIMATE)
k= 09/95 ONE-SIDED TOLERANCE LIMIT FACTOR , .
. = EFFECTIVE SAMPLE SIZE
£ = DEGREES OF FREEDOM FOR Se
CLASSIFICATION:
UNCLASSIFIED

. ‘ PER

2]
DATE ﬂ/ 2 ‘?/ 7L-




DRM:

29.02

DATE: 29 FEBRUARY 1972
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MATERTAL S5 310 FORM 05" SHEET CONDITION ANNEALED
SPECIFICATIONS 00-5-766
PROPERTY FATIGUE LIFE @ ~320°F
SURFACE L0G OF CYCLES NO. OF CYCLES (X 103)
FINISH STRESS 99/95 80 % DESIGN DATA SOURCE
(RMS) KSI MEAR 8, k LIMIT POINT ALLOWABLE n 3 CATEGORY REFERENCE
11 80 4,405 L1140 3.64 2.990 15 9.8 5 16 c Y
71.5 & .804 3.56 4.398 64 25 7
75 5.204 3.53 4,802 160 63 8
72.5 5.604 3.53 5.202 402 159 )
70 6,004 3.56 5.598 1009 396 7
67.5 6.404 3.64 5.989 2534 975 5
64 . 80 3.890 3.64 3.475 7. 370 5
' 77.5 4.290 3,56 3,885 19 7:7 7
75 4,680 3.51 4,290 49 19 9
72.5 5,020 3.51 4,690 123 49 9
70 5.490 3.53 5.088 309 122 8
67.5 5.889 3.59 5.480 775 302 6
' 65 6.289 { 3.71 5.866 1926 735 4 4 (
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PAGE: 3 OF 10
MATERIAL  SS 310 ' FORM___ 05" SHEET CONDITION ' ANNEALED
SPECIFICATIONS  QQ-5-766
PROPERTY FATIGUE STREMGTH @ -320°F
SURFACE .
FINTSH FATIGUE LIFE : STEPNGTH, KS1 DESIGN . DATA SOURCE
(RMS) CYCLES 106 CYCLES MEAN & k ALLOWABLE e £ CATEGORY REFERENCE
11 3.16 x 10” 4.5 794  0.71  3.59 76.9 6 16 C 1
10° 5.0 76.3 3,53 73.8 8
3.16 X 10° 5.5 73.2 3.53 70.7 8
f 10% 6.0 70.0 3.56 67.5 7 r
g
64 10* 4.0 79.3  .0.71  3.59 76.8 6 e 1
3.16 X 10® 4.5 76.2 3.53 73.7 8
10° 5.0 73.1 3.51 70.6 9
3.16 X 10° 5.5 70.0 3.53 67.5 8
108 6.0 66.8 3.59 64.3 6 ! 2 (
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MATERTAL S8 310 FORM .05'" SHEET i SONDITION ANNEALED

SPEGIFICATIONS 0Q-5-766
PROPERTY FATTGUE LIFE @ ~423°F
SURFACE LOG OF CYCLES NO. OF CYCLES(X 10°)
FINISH STRESS g 35795 507 DESICN DATA - SOURCE
(RMS) XSI MEAN B & LIMIT POINT ALLOWABLE n, P CATEGORY REFERENCE
11 107.5 3.981 L0822 4.05 3,648 9.6 Qb 2 15 ¢ 1
105 4,369 3.75 4.061 23 11.5 4
102.5 4.757 3.57 4,464 57 29 8
100 : 5,145 3,60 . 4.B49 140 71 7
97.5 5.533 3.86 5.216 342 164 3
95 5.921 4.05 5.588 815 187 2
64 105 4,080 0822  3.86 3.763 12 5.8 3
102.5 4,280 3.75 3.972 19 9.4 4 )
100 4,479 3,63 4.181 30 15.2 6
97.5 4,678 3,55 4.386 48 24.3 9
95 4.877 3.55 4,585 75 39 9
92.5 5.076 3.57 4.783 119 61 8
90 5.275 1,63 4.977 188 g5 6
J 87.5 5.474 { 3.75 5.166 298 146 4
o
T
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MATERTAL  $§ 310 FORM 05" SHEET CONDITION ° ANNEALED
r
SPECIFICATIONS QQ—S-766
PROPERTY FATIGUE STRENGTH @ =423°F
SURFACE
FINISH FATIGCUE LIFE STRENG%‘_H, KST DESTGN n " DATA SOURCE
(RMS) CYCLES 1.0G CYCLES MEAN . K ALTOVABLE 8 £ CATEGORY REFERENCE
11 10* 4.0 107,4 0.53  4.05 105.3 2 15 c 1
3,16 X 10° 4.5 104.2 3.68 102.2 5
10° 5.0 101,0 3,57 99.1 8
| 3.16 X 10° 5.5 97.7 3.75 95.7 4 4 !
64 10 4.0 106.1 1.03 4.05 101.9 2
3.16 x 10" 4.5 99.8 3.60 96.1 7
10° 5.0 93.5 3,55 89.8 9
3.16 X 10° 5.5 87.2 3.75 83.3 4 { 7
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I. TEST DESCRIPTION

Flexural Reverse Bending Fatigue tests (R=-1) were performed on
specimens of SS 310 annealed sheet (.05") by Rocketdyne as described
in Reference {1). The sheets werelpolished to finishes of 11 and 64
rms. Specimens were stamped from the sheets with their longitudinal
axis parallel to the sheet rolling direction and normal to the direction

of polishing. The specimenz were then solution annealed at 1950°F.

Specimens of both finishes were fatigue testea in a constant
deflection fatigue machine at bhoth ~320°F and -423°F, vsing operating
speeds of 1800 and 2400 cpm respectively. The stress levels were selected
to produce failure between 104 and 107 cycles at -320°F and between 104
and 106 cycles at -423°F.

The test results were as follows:

Cycles to a : Cycles to
Stress, ksi Failure, x 107 ; Stress, ksi railure, x 107
-320°F, 11 rms i -423°F, 11 rms
|
82.0 12 : 107.5 13
79.0 28 ; 105.5 18
©77.5 53 ; 104.0 27
75.5 162 : 102.0 64
75.0 141 ; 102.0 73
72.5 860 g 101.0 89
72.0 _ 360 | 100.5 109
69.5 1,258 ; 97.5 331
63.5 10,015 DNF* : 95.0 1,005 DNF*
54.5 10,000 DNF**
-320°F, 64 rms i ~423°F, 64 rms.
80.0 6 § 103.5 14
78.5 12 : 101.0 20
78.0 13 ! 101.0 : 24
77.0 29 ; 100.0 S 28
76.0 54 f 98.0 46
75.5 45 : 95.5 99
70.5 237 : 94.5 87
70.0 358 é 94.0 85
66.0 1,288 : 88.0 400
60.0 10,050 DNF* 79.0 1,015 DNF*
*  DID NOT FAIL. Data used as though failure had cccurred at number of

cycles showmn.

% Data not used.
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IT. DATA ANALYSIS

Regression analysis was used, employing the G.E. computer program
MULFIT. The two temperatures were treated separately. Within each tem—
perature, stress level and surface finish were the independent variables,

and log of cycles was the dependent variable.

The regression analysis results were:

Standard#*#*
.Error of Index of
Temp. n Regression Equation® ) - Estimate Determinatic
-320°F 19 log vy = 17.20 - 1599 Xy =~ .5145 %, | 14 .985
~423°F 19 log y = 20.67 - .1552 Xy - 8,225 X, + .0756 X X,y .0822 .979
* y = number of cycles to failure
*; = stress, ksi _
X, = surface finish (11 rms = 0; 64 rms = 1)
x in logarithmic units

Both regression equations show a good fit to the data as evidenced by
the low standard error of estimate and the high index of determination.
The equation for -423°F contains an interaction term which signifies that the
5-N curves for the two finishes are not parallel. The equation for -320°F

contazins no such term, implying parallel S-N curves.

The predicted mean values of log y and the effective sample sizes (ne)
were calculated for a number of different stress levels as shown on Page 2,
One-sided 99/95 tolerance limit factors (k) corresponding to the effective
sample sizes were determined by means of the computer program TFAC: The
99.95 lower limits were then calculated at each stress level in log units. -
Finally, both the means and 99/95 limits were converted back to numbers of

cycles by taking their anti-logs.¥* S-N curves are shown in Figures 1 and 2,

% On the assumption that the logarithms are normally distributed, the anti-
logs form a non-normal skewed distribution. The anti-~log of the mean thus
does not correspond with the mean of this distribution, but with its 50%
point (or median) and has been so labeled. {(Reference 2, Page 43). The
anti-log of the 99/95 lower limits are shown as 99/95 design allowables.
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On Page 3, the predicted strength for various number of cycles to
failure, and the associated s k, and design allowables are shown,
The method used to estimate the distribution of strength from the distri-
bution of cycles to fallure was an appro#imate one, but is considered

adequate for "C" category data.

ITY, REFERENCES

1. Rocketdyne Report R-7564, "Fatigue Properties of Sheet, Bar,
and Cast Metallic Materials for Cryogenic Applications", dated
30 August 1968

2.  ANSC NRP-600, Statistical Distributions, Their Applications and
Tables (July, 1570).
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, PAGE: 2 OF B
MATERTAL g5 310 FORM  3/4" CAST BAR CONDITION  ANNEALED
1
SPECIFICATIONS AMS 5366
PROPERTY  AXIAL LOAD FATIGUE LIFE
10G OF CYCLES 3
99/95 CYCLES (X 107) .
TEST TEMP STRESS LOWER 50X DESIGN DATA SOURCE
°p (KS1) MEAN 50 I LIMIT POINT ALLOWABLE e £ CATEGORY REFERENCE
RT 60 4.650 2331 4,28 3.233 44,7 1.7 3 9' C 1
55 4,846 : 4,12 3.482 70.2 3.0 5
50 5.082 4.04 3,745 121 5.6 7
45 5.36% 3.98 4,052 234 11.3 0
40 5.729 4.00 4.405 536 25.4 9
35 6.192 4,12 4.828 1555 67.3 5
30 6.809 4.46 5.333 6437 215.1 2
=320 110 4.265 L334 4.78 2.668 18.4 0.5 2 7 C 1
105 4.418 4,78 2.821 26.2 0.7 2
100 4.586 . 4.60 3.050 18,6 1.1 3
g5 4,772 4.51 3.266 59,2 1.8 4
a0 4.979 4.45 3.493 95.2 3.1 5
85 5.209 4.38 3.746 162 5.6 7
" 80 5,469 4.35 4.016 295 10.4 8 :
75 5.763 4.35 4.310 580 20.4 8
70 .100 4.45 4,614 1259 41.1 5
65 6.488 4.60 4.952 3076 89,5 3
=423 110 4.909 .163 4.60 4.159 81.1 14.4 2 8 C 1
105 5.123 ‘ 4,32 4,419 133 26.2 4 :
100 5.337 4,16, 4.65% 217 45,6 g
95 5.551 4.14 4.876 356 75.2 9
90 5.765 l 4.32 5.061 582 115.0 4
85 5.979 4.60 5,229 853 169.5 2

S9%
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" MATERIAL 58S 310 ) FORM __3/4™ CAST BAR ) CONDITION ANNEALED

SPECIFICATIONS AMS 5365

PROPERTY AXTAL 1.OAD FATIGUE STRENGTH

RECIPROCAL OF STRESS ' N _ STRESS _
TEST TEMP LOG OF . 35795 S DESTGN . DATA SOURCE
°F CYCLES CYCLES MEAN e k LIMIT POINT e )3 ALLOWABLE a f CATEGORY REFERENCE
RT 10° 5.0 01937  .00256 4,07  .0297% 51.6 SEE 33.6 ‘6 9 ¢ 1
3,16 X 10° 5.5 |- .02323 3.98  .0334 43.0 RECIPROCAL  29.9 10 9
108 6.0 ,02709 4,07 .03751 16.9 26.7 9
3.16 % 10° 6.5 .03095 4,28 04191 32.3 ' 23.9 39
-320 3.16 x 10° 4.5 .00976  .000946 4,78  ,0L428 102.5 70.0 2 7
10° 5.0 .01117 4,45  .01538 89,5 65.0 5 7
© 3,16 X 10° 5.5 ,01259 4.35 01671 79.4 59.8 8 7
10% 6.0 .01400 4,41 .01817 7.4 ¥ 55.0 6 7
423 L 10° 5.0 RECIPROCAL NOT USED 107.9  3.81- 4.60  90.4 2 8
: 3.16 X 10° 5.5 96.2 4.4 80.4 9 8
10° 6.0 ‘ 84.5 5.60  67.0 2

J97%



DEM: 29,03
DATE: 1 MARCH 1972
PAGE: 4 OF 8

I. TEST DESCRIPTION

Axial Load (R = 0) fatigue tests at RT, -320°F and -423°F were con-
ducted by Rocketdyne on 55 310 3/4 in. cast bar as desc;ibed in Reference 1.
The material was investment-cast to the specimen configuration and solution
annealed at 1900°F. Testing frequency at all three temperatures was 1725 cpn.

Stress levels were selected to cause failure between 104 and 107 cycles

at RT and -320°F and between lO4 and 106 cycles at -~423°F.

Test results were as follows:

Maximum ‘I Cycles to Maximum ! Cycles to ? Maximum Cycles to

Stress, ksi  Failure(x 10”)!| Stress, ksi ! Failurel(x 10 ? Stress, ksi | Failure(x 107)

70 F, Room Temperature -320 F, Liquid Nitrogen -423 F, Liquid Hydrogen
60 30 110 37 110 47
55 422 100 43 105 244
50 129 _ 90 91 ; 102.5 151
50 140 E 80 122 ! 97.5 289
45 96 ; 75 339 ? 97.5 465
45 156 % 70 460 : 95 229
45 am 70 735 L 95 437
40 215 : 67.5 5,184 . 92.5 508
35 995 . 65 10,406 DNF¥ 90 367
35 3,437 L 60 10,008 DNF#* ' 86 914
30 10,900 DNF%* ' :

*  DID NOT FAIL. Data point used as though failure had occurred at the
number of cycles shown.

%%  DID NOT FAIL. Data point not used.
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II. DATA ANALYSIS

The method of regression analysis, employing the G.E. computer program
MULFIT,was used. The three temperatures were treated ssparately. Regression

analysis results were:

Standard Error** Index of
Temp . n Regression Eguation % - of Estimate Determination
RT 11 log y = 2,491 + 129.53 (1/x) .331 .780
~320°F 9 log y = 1.054 + 353.21 (1/%) 334 ' .823
~423°F 10 log v = 9.617 - .0428 %= .163 .761
¥ y = number of cycles to failure

X stress, ksi

¥k  in logarithmic units

The equations for room temperature and -320°F contain the reciprocal
transform of stress. At these temperatures, this model showed a better fit
to the data than the linear model (as shown for -~423°F) or a model employing

the log of stress.

The prediéted mean values of log v and the effective sample sizes (ne)
were calculated for a number of differeant stress levels as shown on Page 2,
One-sided 99/95 tolerance limit factors (k) corresponding to the effective
sample sizes were determined by means of the computer program TFAC. The
99/95 lower limits were then calculated at each stress level in log units.
Finally, both the means and 99/95 limits were converted back to numbers of

cycles by taking their anti-logs. S-N curves are shown in Figures 1 and 2.

On Page 3, the predicted strength for various number of cycles to failure,

and the associated n k, and design allowables are shown. The method used to

e’
estimate the distribution of strength from the distribution of cycles to
failure was an approximate one, but is considered adequate for "C" category

data.
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For RT and -320°F, the 99/95 limits were first caleculated in recip-
rocal stress units, Finally, the means and 99/95 limits were converted

back to ksi units.

- III. REFERENCES

1. Rocketdyne Report R-7564, "Fatigue Properties of Sheet, Bar
and Cast Metallic Materials for Cryogenic Applications", dated
30 August 1968.
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MATERTAL §5 310 FORM PANGAXE_FORGINGS CONDITION A" (ANNEALED & QUENCIED)
SPECITTCATIONS 00-5-763 DIRECTION____ TANGENTIAL
PROPERTY ULTTMATE TENSTLE STRENGTE @ RT, KSI
- RN . MEANH#
NO. OF NO. OF* NO. OF AMORG WLTHIR e VALUE . DESTGN DATA  SOURCE
OBSEFVATIONS FORGINGS HEATS FORGINGS __ FORCTNGS T % m £ % T ___ALLOWABLE  CATEGORY  RETEZ:N
108 35 2 0.870 0.359 1.240 82.46 5 39 3.30 1.11 78.8 A 1

* 4 EACH OF 9 DIFFERENT CONFIGURATIONS

*%  LOWEST MEAN QF THE 9 CONFURATIONS

et



MATERTAL 58 310

FORM . PANCAKE FORGINGS

DRM: 29.04

DATE: 23 MARCH 1972

PAGE: 30F 9

SPECIFTCATIONS 0Q-5-763 DIRECTICN

TANGENTIAL

CONDITION A"  (ANNEALED & QUENCEED)

PROPERTY 0.2% YTELD TENSILE STRENGTH @ RT, KSI

VARIANCE MEAN#%

N0, OF NO. OF% NO. OF . AMONG WITHIN ~QTAL VALUE DESTGN DATA SOURCE

OBSERVATIONS FORGTNGS HEATS FORGINGS FORGINGS U7 X m £ k 57 ALLOWASLE  CATEGORY  REFERENCE
108 36 2 0.990 7.870 5,860 42.04 Y 92 2,99 2.98 33.0 A 1

4 EACH OF 9 DIFFERENT CONFIGURATIONS

*& LOWEST MFAN OF THE & CONFIGURATIONS
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MATERTAL____$$ 310 FORM . PANCAKE FORGINGS CONDITION___"A" (ANNEALED §& QUENCRED)
SPECTFICATIONS___ Q0-5-763 DIRECTION__ TANGENTIAL
PROPERTY  ELONGATION @ RT, %
VARTANCE MEAN#*
X0. OF NO. OF* NO. OF AMOXG WITUIN TOTAL  VALLE DESICN DATA  SOURCE
OBSERVATIONS FORGINGS HEATS FORGINGS FORGINGS T X m £ Xk St ALLOWABLE CATEGORY REFERERCE
108 36 2 1.73 2.75 4.88 46.02 60 86  2.73 212 40.2 A 1
* 4 EACH OF 9 DIFFERENT CONFIGURATIONS
4+ CRAND MEAN OF ALL CONFIGURATIONS
Lsh
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I. TEST DESCRIPTION (PER REFERENCE (1))

Room temperature tensile data were obtained on ten different config-
urations of 55 310 pancake forgings for TPA housings. The forgings were
madé by West Coast Forge using vacuum arc remelt material containing
a maximum of 0.08% carbon. The material for 8 of the configurations was
from Heat No. 10623 and the other Lwo from Heat No., 10621, The forgings
were brought to the "A" condition by annecaling at 1900°F for one hour

followed by water quenching.

The tensile data were cobtained from materizl certifications (Enclosures
{1) to (10) of Reference (i)). frour forgings of each configuration were
used in the preparation of tensile specimens. Three specimens®, all tan-

gentially oriented, were prepared and tested from each forging.

The part numbers, forging dimensions, and average tensile propetrties

are shown in the fellowing table:

* Except for P/N 1139354~1 as noted below.

o
‘I
&
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, ULTTIMATE YIELD
DIAMETER THICKNESS STRERGTH STRENGTH ELONGATION
P/N IN, TN, KSE KST %
*1139354~1 6.00 6.30 85.5 43,7 46.0
1139370-1 12.88 8.20 84,2 44,3 46.3
#%1139371-1 18.50 9.00 82.8 45.5 45.8
1139372-1 14.75 9,25 84.0 42.0 45.4
11393731 11.65 2.65 83.6 44,1 47.3
%%3139374-1 18.12 9,12 B83.3 45,8 45.8
1139375-1 14,75 3.81 86.6 42.3 46.1
1139376-1 17.62 3.25 83.2 43.3 45.8
11393771 8.84 2.72 85.0 47.8 L5
11393791 15.38 7.50 82.5 43,1 47.2

# 2 specimens tested per forging; all others 3 per forging

#% from Heat No. 10621; all cothers from Heat No. 10623

TI. DATA ANALYSIS

The data matrix represents a nested design in which the effects are:

Configurations

(a fixed variable), forgings within configurations

{a random

variable), and replicates (specimens within forgings, a random wvariable).

There is no obvious correlation between properties and forging size, and no

apparent difference in properties between the two heats. .Furthermore, there

is no way of separating the possible effect of heats from the effect of con-

figurations.

yrals
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The first configuration, P/N 1139354, with only two specimens

tested per forging, was excluded from the analysis to avoid the com-

plexity introduced by unequal sample sizes.

29.04
23 MARCH 1972
7 0F 9

Since this configuration

exhibited typical properties, its exclusion does not appreciably affect

the results.

Malysis of variance was performed with the aid of the G.E. computer

and resulted in the following ANOVA tables:

SOURCE OF SuM OF DEGREES OF MEAN

. PROPERTY VARIATTON SQUARES FREEDOM SQUARE F

Ultimate Strength Configurations 155.16 8 19.39 6.51%
Forgings 80.47 27 2.98 8.07%
Replicates 26,60 72 0.369
Total 262,23 107

Yield Strength Configurations 334-69 8 41.84 3, 86%
Yorgings 292,70 27 10.84 1.38
Replicates 566.67 72 7.87
Total 1194.06 107

Elongation Configuration 65.46 8 8.18 1.04
Forgings 212.50 27 7.87 2,86%
Replicates 198,00 72 2.75
Total 475.96 107

% Significant, .05 level
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These tables indicate a significant variation among configurations for
the first two properties, but not for elongation. Because configuration is
a fixed, rather than a random variable, it can be deleted as a variable of
classification for elongation per the guidelines of Reference (2).* Rather
than nine configurations with four forgings each, there are simply 36 for~

gings, and the simplified ANOVA is as follows:

SQURCE OF SuM OF DEGREES OF MEAN
PROPERTY VARIATION SQUARES FREEDOM SQUARE ¥
Flongation Torgings 277.96 35 7.94 2,88%
Replicates 198.00 72 2.75

Total 475.96 107

The components of varlance, the effective sample size, m, and the effective
degreeéhof freedom, f, were calculated by means of the computer program SATT##%,
The corresponding 99/95 tolerance limit factor, k, was determined by means of
the computer propram TFALT, and finally the design allowable for elongation

was calculated as iuksT.

% "Any fixed variable whose effects are not significant at the o = 0.05
level may be deleted as a variable of classification".

%%  Satterthwaite's approximation.
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For the other two properties, for which the configurations differed
significantly, the method of the Lowest Lot Mean, an alternate method of
Reference (3), was used. The standard deviation, sp, which combines within-
forging and among~forging variability over all the configurations, was célcu—
lated, The appropriate value of f was determined by means of the Satterthwaite
equation. The appropriate m, however, was based on one configuration only,
and the desipn allowables were calculated as iL — ks where iL is the mean
of the configuration having the lowest mean for the property.

The data are classified as "A" because they meet the requirements of TD
69-28 and TD 69-37; as amended, (Reference (2)) including the use of two

materizl lote,

IT1. REFERENCES

1. Meworandum N8130:0174, from P. P. Dessau to H. Derow, dated 6
October 1971 Subject: "AISI 310 Stainless Steel Pancake Forging
Data".

2. Letter, L. C. Corrington (SNSO-C)} to W. 0. Wetmore (ANSC), dated
5 January i972, Subject: "Classification, Interpretation and Use of
Materials Property Data".

3. NERVA Program Procedure, R101-NRP-503, Statistical Analysis of

Material Test Data.



Ny

MATERIAL FORM

AISI 9310 BAR
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DATE: 17 MAY 1972
PAGE: 1 OF 13

" AEROJET NUCLEAE SYSTEMS COMPANY

CONDITION

CARBURIZED

7
Reviewep BY: (¥ \ Mﬁ
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MATERYALS T'ATA RELEASE

CORNTENTS

DATA
"PROPERTY . : CATEGORY PAGE
STATIC FRACTURE TOUGHNESS (ch) - ? 2
CYCLES TO VARICUS Ki LEVELS 3
CYCLIC FRACTURE TOUGHNESS 4

CRACK CGROWTH RATE 5

(I8 GHZ @ RT, 1200 PSI AND LH2 @ -423°F)

CLASSIFICATION:

UNCLASSIFIED

PER ?27&[&0’“

DATE \5,;/ /?/-7‘2_



SPECIFICATIONS RS 6265

PROPERTY STATIC_FRACTURE TOUGHNESS, K, ., Ki - IN
TEST Kyg (KSI - IN). DESTGN ##
TRMP. MEAN n o ALLOVABLE
-423°F : 32.2 1 3 23.2

RT ’ . 45,0 1 3 36.0

ATES

MATERIAL ATIST 9310 FORM BAR

CONDITION

- . & ESTIMATED
sk CONSERVATIVE ENGINEERING ESTIMATE

i

31.03
17 MAY 1972
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DATA
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PAGE:
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MATERTAL AISI 9210 FORM = BAR CONDITION CARBURIZED
SPECIFICATIONS AMS 6265
PROPERTY _ CYCLES TO VARIOQUS K1 LEVELS
‘ ‘LOG OF CYCLES NUMBER OF CYCLES
EEQE. KSIKEJIN MEAN s B £ ;E;E;f ggéNT iﬁiéﬁﬁgLE géig;ggg
-423°F 15 4.023 .123 1 1 3.654 10537 4508 c
20 3.121 .123 2 1 2.752 1320 565
25 ) 2.219 123 1 1 1.850 165 71
BT 10 5.016 L0670 1 1 4,815 103834 65300 C
20 3.878 3 1 3.677 7556 4755
’ 30 3.366 4 1 3.165 2323 1462
490 3,071 , 3 1 2.870 1179 741 -
50 2.882 ' 2 1 2.681 762 480
60 2.753 1 1 2.552 566 336
70 2.662 [ 1 1 2.461 459 289

* CONSERVATIVE ENGINEERING ESTIMATE RATHER THAN 92/95 ALLOWABLES.

31.03

17 MaYy 1972

3 0F 13

SOURCE
REFERENCE

1

SAMPLE SIZE WAS INSUFFICIENT TO OBTAIN REASONABLE 99/95 k VALUES.
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MATERTAL AIST 9310 FORM BAR CONDITION CARBURIZED
SPECTFICATIONS AMS 6265
PROPERTY CYCLIC FRACTURE TOUGHNESS, X1, KSI = JIN
Ki (kST - JIN)
TEST NO. OF DESIGH* DATA SOURCE
TEMP. CYCLES MEAN s Rk ALLOWABLE CATEGORY REFERENCE
-423°F 100 26,2 0.7 3 24.2 c 1
1000 20.7 0.7 18.7
10000 15.1 0.7 13.1
BT 1000 43.3 2.8 24,0 c 1
10000 18.4 0.8 16.0 |
100000 0.1 0.4 9.0

* CONSERVATIVE ENGINEERING ESTIMATE, NOT 99/95 LIMITS.

#% Lk ASSUMED TO BE 3 FOR PURPOSES OF CALCULATING =
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MATERIAL AIST 9310 FORM BAR CONDITION " CARBURIZED
SPECIFICATIONS AMS 6265
PROPERTY .CéAég GROQ&H.RATE;-éade, MICRO-INCHES/CYCLE
R1c (dasdm) 0975 da/dN
TEST K1 n o UPPER 50% - DESIGN DATA
TEMP. . (KSI -¥IN) MEAN s e £ k LIMIT POINT ALLOWABLE CATEGORY
-423°F 12 0.629  0.447 4 34 3.41 2.153 4 142 ¢
16 1.195 12 3,12 2.590 16 389
20 1.946 32 3.0C 3.287 8s 1936
24 2.760 29 3.0 4.105 576 12749
2 3.691 15 3.09 4.972 3897 93806
R .20 1.668  0.127 7. 28 3.78 2.148 47 141 c
30 1.991 4 3,47 2,432 100 270
40 2.234 8 3.27 2.649 172 446
50 2,417 15 3.1% 2.817 261 656
60 2.566 24 3.10 2.960 "1368 911
70 2.692 29 3.08 3.083 492 1211
80 2.801 27 3.0¢ 3,193, 633 1561
. 90 2.898 21 3.11 3.293 790 1963
100 2,984 16 3.14 3.383 963 2414
5’%‘ 110 3,062 12 3.1¢ 3.467 1153 2932
&N 120 3.133 10 3.2z 3.542 1358 3483

SQURCE
REFERENGE

1
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1. TEST DESCRIPTION

This DRM is based upon work performed by the Boeing Aerospace Group,

Seattle, Washington, under ANSC P.0. N-01499,

One lot of AISI 9310 bar per AMS 6265, Heat No. 392344 procured from
Earle M. Jorgenson & Company, Oakland, California, was used in the test
program. The material was carburized per instructions in ANSC P.0O. N-01309
by Pacific Steel Heat Treat, Los Angeles. Yracture toughness specimens were
fabricated from the bar stock so as to maintain the flaw propagation direction
of the specimens parallel to the extrudingAdirection. A total of 14 specimens

were fabricated and testing was conducted at room temperature and at -423°F.‘

A total of 6 specimens were tested in GH2 and 4 specimens were tested
in GHe to note the effect of hydrogen on the toughness of the material. 1In

addition, 4 specimens were tested in LH Both static (KIC) and cyclic (¥i)

°
fracture toughness tests were conducted. The test matrix, giving the test

conditions and number of specimens tested was as follows:

Test Environment (1200 psig)

Test GHe G, L,
Type Room Temp. Room _Temp. ~423°F
Static Fracture 1 1 1
Cyclic Fracture 3 5 - 3

iR6
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From these results, a Ki versus number of cycles to fallure curve was

developed for each test condition. In addition, Instantaneous crack growth

rate (crack growth per cycle) data was developed for each Ki test.

The test results were as follows: (Tests in Hydrogen only).

Specimen Test No. of Ki or KIC
Number Environment Cycles KST - 1IN
880002 GH2 1 (KIC) 82.2
880003 LH, . 1 (KIC) 32.2
880010 GH2 : 430 65.9
8BU0UE UHZ 1014 48.4
880006 GH2 6182 20.4
880011 _ GH2 4580 18,7*
880009 GH2 100001 10.2
880012 LH2 118 25.2
880014 LH 1406 20.8
880013 LH, 22840 12.8

* Fregq. = l cps. Data point not used. Balance of tests were at 5 cps.

In addition, instantaneous crack growth data were supplied by Boeing
on computer printouts, up to 22 palrs of observations (da/dN vs Ki) per

specimen.

187
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2. DATA ANALYSTS

a. Fracture Toughness

The static fracture toughness tests yielded wvalid K c data and

T
are reported on Fage 2. An estimated standard deviation of 3 KSI - JIN
was used to calculate conservative engineering limits rather than 99/95

design allowahles, There was a marked hydrogen embrittlement effect.

Therefore, only the hydrogen data, the worst case, are reported.

Regression analysis, with the aid of the G.E. computer program

MULFIT was used for the cyclic fracture tbughness data.

At -423°F, a linear equation (Ki vs log cycles) was found to

fit the data well. The results were as follows:

n Regression Egquation e R

3 log N = 6.729 -~ ,1804 Ki <123 .983

% in logarithmic units.

This equation was used to calculate expected values of log N for
various Ki levels from 15 to 25 KSI ~\ffﬁi Because of the small sample size,
ugeful 99/95 limits could not be calculafed. Instead conservative engineering
iimits are shown. Finally both expected values and limits were converted to
anti~log units (number of cycles) (Page 3). To place the data in a more use-
ful form, the equation was back-solved to yield expected and allowable Ki's

for various numbers of cycles. These are given on Page 4.

188
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At room temperature, although tests were conducted in both GH2
and Gle, only the hydrogen data were used because these represent the worst

case. The following quadratic equation was found to fit the data very well.

It Repression Equation e R

4 log N = 11.174 - 7.985 (log Ki) + 1.827 (Log Ki)? L0670 .995

This equation was used to calculate expected values of log N for
various Ki levels from 10 to 70 KSTI - IN. Because of the small sample size,
however, useful 99/95 limits could not be ;alculated. Instead, conservative
engineering limits are shown. The equation was then back-solved to yield
expected and allowable Ki's for various numbers of cycles. The data are shown

graphically in Figures 1 and 2.
b. Grack Growth Data da/dN
(1) -423°F

The data from the computer printout were divided into two
groups, above and below da/dN = 100 microinches/cycle., It was possible to
find a satisfactory linear fit (Eq. 1) only for the lower group, the scatter
being excessive in the higher group. For the purposes of design allowable
calculation, all the data were combined and a quadratic eduation (Eq. 2) fitted.

Results were:

REA
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. . g ®% 7
n Regression Bquation = e R

Eq. 1: (da/dN < 100) 16 log ¥y = —4.868 + 5,062 log x 196 .794

14.544 - 28,512 log x + 14.472 (log x)> .447 .786

Eq. 2@ (all data) 37 log ¥y

(2) Room Temperature

Because of the extreme embrittlement effect, only the hydrogen
data are reported. The usual pattern of two different slopes was not in evi-

dence, so a single linvar equation was determined as follows:

]
=

n Regression Hguation *

30 logy= - 0,782 + 1.883 log x 127 .852

%'y = da/dN, microinches/cycle

#% dn logarithmic units

These equations were used to calculate expected values of Jog
(da/dN) for various Ki levels. Design allowables were then calculated in the

usual manner. The results are plotted in Figure 3.
3.  REFERENCES

(1) "rlaw Growth of Various NERVA Engine Materials', by W. D. Bixler,

Aerospace Group, The Boeing Company, March 1972,
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EXPANSION
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UNCLASSIFIED
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DRM:  37.02R1
DATE: 24 MARCH 1972
PACE: 2 OF 5
MATERIAL _ PHOSPHOR BRONZE "A" FORM ALL CONDITION ALL
SPECIFICATIONS
PROPERTY LINEAR THFRMAL EXPANSION, %
STANDARD :
NOMINAL* DEVIATION DATA SOURCE
TEMP, , °F VALUE s B 99/95 LIMITS ™" CATEGORY REFERENCE
—423 -0:330 L0064 2.576 -0.313 T0 -0.345 c 1
—400 ~0.329 L0064 -0.313 TO -0.345
~350 -0.318 0062 -0.302 TO -0.334
~300 -0.296 .0057 ~0.281 TO -0.311
~250 -0.267 0052 ~0.254 TO ~0.280
=200 -0.232 .0045 ~0.220 TO -0.244
-150 ~0.194 .0038 -0.184 TO -0.204
-100 ~0.152 .0030 ~0.144 TO =0.160
- 50 -0.107 L0021 -0.102 TO -0.112
a -0.062 L0012 -0.05% TO -0.065

Cet

* PERCENT CHANGE IN LENGTH FROM 68°F

®%  NOMINAL + 5%

%k BASED ON NORMAI, CURVE (INFINITE DEGREES OF FREEDOM)
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PAGE: 3 OF §
MATERIAL PHOSPHOR BRONZE "AY FORM . ALL CONDITION ALL
SPECIFICATIONS
PROPERT.Y MUAK COEFFICIENT OF THERMAL EXPANSION (uw), IN/IN/®F X 106
STANDARD
ROMINAL DEVIATION * DATA SOURCE
TEMP., °F VALUE 5 Kt 99/95 LIMITS CATEGORY REFERENCE
FROM 6B TO -423 6.72 0.13 2.576 £.38 TO 7.06 C i
FROM 68 TO =400 7.03 D.l4 6.6 T0 7.38
FROM 68 TO =350 7.61 ) 0.15 7.23 IQ 7.99
FROM 68 TO =300 8.04 0.16 7.64 TO 8.44
FROM 68 TO -250 8.40 . 0.16 7.98 TO 8.82
FROM 68 TO -200 8.66 0.17 8.23 T0 2.09
FROM 68 TO -150 8.90 ' 0.17 8.46 TO §.34
FROM 68 TO ~100 9.05 | 0.18 §.60 TO 9.30
FROM 68 TO - 50 9.07 0.18 8.62 TO 9,52
FROM 68 TO 0 9,12 0.18 . . I 8.66 TO 9.58 }
*  NOMINAL + 5%
*% BASED QN NORMAL CURVE (INFINITE DEGREES OF FREEDCHM)
by
g
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I. TEST DESCRIPTION

Thermal expaﬁsion of Phosphor Bronze A lLetween liquid hydrogen tempexa-
ture aﬁd room temperature was measured by the Cryogenics Divsicn, National
Bureau of Standards, Boulder, Colorado, aﬁd is reported in Reference (1).

The condition of the sample is described as “"Spring Cold Prawn 85%" with a
Rockwell "B" hardness of 91. The apparatus and the method used are described

in Reference (1).

IT. DATA ANALYSIS

The data are assumed to apply to all forms and conditions of the alloy.
Measurements were reported in degrees K, A series of temperatures in °F
(~423, and =400 to 0 in 50° increments) were converted to the Kelvin Scale
and interpolated from a plot of the NBS data for thermal expansion in inches
per inch. The mean coefficient of thermal expansion was dbtained by dividing

these values by the temperature difference from 68°F.

The upper and lower limits were calculated as these nominals + 5%, an
uncertainty band which has beeﬁ recommended (Reference (2)) for those phy-
slcal properties that exhibit little or no material variability. The limits
have been conventionally designated ''99/95" and the associated tolerance
limit, k, assumed to be 2.576, per the guidelines of Reference (3). A working
estimate of the standard deviation was obtained at each temperature by

dividing the difference between the nominal and the limit by k. (Reference (3)).

197
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III. REFERFHCES

(1) A. F. Clark (NBS, Boulder), "Low Temperature Thermal Expansion
of Some Metallic Alloys", Cryogenics Vol. 8, No. 5, October 1968.

(2) Letter 7732:ML70-343, ANSC to SNPO-C dated 21 September 1970,
Subject: "Material é;éperties Data Book Meeting, SWPG-C, 18-19
August 1970".

(3) Letter L. C. Corrington (SNSO) to W. O. Wetmore (ANSC) dated

5 January 1972, Subject: "Classification, Interpretation and

Use of Materials Property Data (Enclosure (3), Para. 12).
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AFEROJET NUCLEAR SYSTEMS COMPANY

MATERIALS DATA RELEASE

MATERTAL FORM CONDITION
PHOSPHOR BRONZE BAR HARD

SN

e

ﬂ{) EXPLANATION OF SYMBOLS ON PAGES 2 - 4

s = 9TANDARD DEVIATION (STANDARD FRROR OF ESTIMATE)
n, = EFFECTIVE SAMPLE SIZE
- f = DEGREES OF FREEDOM FOR s

¥ = 99/95 ONE-SIDED TOLERANCE LIMIT FACTOR

PREPARED BY:_

REVIEWED BY:

CONTENTS

DATA
PROPERTY CATEGORY PAGE
CYCLES TO VARIOUS Ki LEVELS c . 2
CYCLIC FRACTURE TOUGHNESS c 3
CRACK GROWTH RATE c 4
(ROOM TEMP., GHZ' 1200 PSI)
CLASSIFICATION:
UNCLASSIFIED

PER 77,7 f“&a*

DATE 5]/ 7 72
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DATE:
PAGE:

MATERIAL PHOSPHOR BRONZE fORM BAR CONDITION HARD
SPECIFICATIONS AMS 4625
PROPERTY NUMBER OF CYCLES FOR VARIOUS Ki LEVELS

L.0G OF CYCLES NIMBER OF CYCLES

) 99/95

X1 n LOWER 50% DESIGN
(KSY1 -¢ IN) MEAN L] e £ )'d LIMIT POINT ALLOWARLE
30 4,267 100 3 12 4.01 3.866 18509 7345
40 3.765 6 12 3.80 3.385 58312 2427
50 3.264 11 12 3.68 2.896 1838 787
60 2.763 13 12 3.66 2.397 579 249
70 2.261 B 12 3.73 1.888 182 77
80 1.760 4 12 3,91 1.369 57 23
Ny
il

G

DATA

* CATEGCRY

c

37.04
9 MAY 1972
2 0F 11

SOURCE
REFERENCE

1
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PAGE:
MATERTAL PHOSPHOR BRONZE : FORM © ° BAR " CONDITION °  HARD
SPECIFICATIONS AMS 4625
PROPERTY CYCLIC FRACTURE TOUGHNESS, Ki, XST -4 IN
NUMBER OF Lo Kil - SIN DESIGN DATA
. CYCLES MEAN s e £ k ALLOWABLE CATEGORY
1 {Kq) 88.8 4 * 2 - - 76,8 *% C
100 75.2 1.89 6 12 3.80 £8.0
1000 55.3 1.99 13 12 3.66 48.0
10000 35.3 2.16 5 12 3.B5 27.0

* ESTIMATED FROM OTHER MATFRIALS

*k 3-SIGMA LOWER LIMIT; NWOT 99/95 LIMIT

LAY
D
b

37.04
9 MAY 1972
30F 11

SOURCE
REFERENCE

1



MATERTAL  PHOSPHOR BRONZE

SPECIFICATIONS

PROPERTY

Ki

{ksT - JIn)
30
40
50
60
70
80
90

100

]
2
£V

DRM:
DATE:
PAGE:
FORM CONDITION HARD
AMS 4625
CRACK GROWTH RATE, da/dN, MICRO-INCHES PER CYCLE
LOG (da/dN) da/dN
93795
o UPPER 50% DESIGN DATA

MEAN s & £ k LIMIT POINT ALLOWABLE CATEGORY

0.764 107 9 57 3,06 1.091 6 12 ¢

1.344 107 22 57 2.90 1.654 22 45

1.794 107 50 57 2.83 2.097 62 125

2.161 167 54 57 2.82 2,463 145 290

2.471 .107 34 57 2.86 2.777 296 598

2,940 .268 30 47 2.91 3.720 a71 5247

3,424 .268 47 &7 2.88 4.196 2653 15694

3.856 268 22 47 2.94 &4.644 7183 44047

37.04
9 MAY 1972
4 OF 11

SOURCE
REFERENCE

1




DEM: 37.04
DATE: 9 MAY 1972
PAGE: 50F 11

1. TEST DESCRIPTION

This DRM is based upon work performed by the Boeing Aerospace Group,

Seattle, Washington, under ANSC P.0. N-01499.

One lot of Phosphor Bronze bar per AMS 4625, (hard condition) procured
from Alaskan Copper and Brass Company, Seattle, Washington, was used in the
test program. Fracture toughness specimens were fabricated from the bar
stock so as to maintain the flaw propagation directiom of the specimens‘
parallel to the extruding direction. A total of 12 specimens were fabri-

cated and testing was conducted at room temperature.

A total of 7 specimens were tested in GH2 and 5 specimens were tested
in GHe to note the effect of hydrogen on the toughness of the material. Both
static (KIC) and cyclic (Ki) fracture toughness tests were conducted. The
test matrix, giving the test conditions and number of specimens tested was

as follows:

Test Test Environment (1200 psig)

Type GHe : EgQ
Static Fracture 1 1
Cyclic Fracture 4 B

From these results, a Ki versus number of cycles to failure curve was
developed for each test condition. In addition, instantaneous crack growth

rate {crack growth per cycle) data was developed for each Ki test.

<0G
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The test results were as follows:

Specimen Test No. of Ki
Number Environment ‘ Cycles kst - JIN
880103 GH, 1 ) 88.6
880104 GHe 1 89.0
880102 GH, 190 70.7
880105 GHe 3725 42.9
880106 GHe 22508 29.1
880107 GH, ' 247 66.0
880107 GH, ) 2370 46.5
880108 GHe 1210 54,0
880109 Gle 314 67.8
880110 : GH2 238 70.1
880110 GH2 98 78,5
880111 GH,, 23 83.7
880111 - GH2 983 55.2
880112 GH2 1198 50.9
880112 GH2 26998 28.0
880113 GH2 878 55.8

As seen from this table, four of the specimens generated two obser-
vations each. In addition, Instantaneous crack growth data were supplied
by Boeing on computer printouts, up to 17 pairs of observations (da/dN vs Ki)

per specimen.

4
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2, DATA ANALYSIS

a. Fracture Toughness

The two static fracture toughness tests failed to yield valid
KIC data. Instead they are reported as & special case of Ki, at one cycle.
There was no appreciable difference between the tests in helium and hydro-

gen; therefore the two were combined.

Regression analysis, with the aid of the G.E. computer program
MULFIT was used for the cyclic fracture toughneés data. An attempt was
made to use the static test results in the same regression equation, but
no simple function was found which would fit the combined data without a
large increase in the standard error of estimate. The one cycle data re-
ported on Page 2 merely represent the average of the 2 static tests. The
standard deviation of 4 1s a conservative estimate from other materials,
and the design allowable shown is an engineering estimate (3-sigma) rather

than a 99/95 limit.

A linear equation (Ki vs log cycles) was found to fit both the

hydrogen and the helium data very well. The results were as follows:

s 2

n Regression Equation e¥ R

14 log N = 5.772 - .05015 Ki 100 985

* in logarithmic units.

<05
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This equation was used to calculate expected values of log N
for various Ki levels from 30 to 80 KSI -ﬁrfﬁt The 99/95 lower limits
were calculated in the usual manner and finally both expected values and
limits were converted to anti-log units (number of cycles). To place the
data in a more useful form, the equation was back-solved to yield expected

and allowable Ki's for various numbers of cycles. These are given on Page 3.

The results are shown in Figure 1,
b, Crack Growth Rate (da/dN)

The data from the computer prin;outs were divided into two groups,
below and above Ki = 75, These represent the two slopes of the lines relating
log (da/dN) as a function of Ki. The computer program MULFIT was used to
determine the least squares regression lines. The analysis was first done
separately for the hydrogen and helium groups, but when no appreciable dif-

ference was found they were combined.

The results were:

n  Regression Equation®* ) Se** R2
Ki <75 59 logy= -6.088+ 4.63 log x 107 . 962
Ki > 75 49 log y = -15.054 + 9.455 log x .268 .775

¥ y = da/dN, micro-inches per cycle
X = Ki, KSI" ’ino
*% in logarithmic units.

These equations were used to caleculate expected values of log (da/dN)
for various Ki levels. Design allowables were then calculated in the usual

manner. The results are plotted in Figure 2.
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MATERTAL ALLOY 22-13-% FORM ALL CONDITION ALL
SPECIFICATIONS .
PROPERTY DYNAMIC MODULUS, PST (X 106}
DEGREES TOLERANCE -~ -
MEAN STANDARD OF LIMIT . DESIGN
TEMPERATURE NG. OF V_iiLUE DEVIATION FREEDCM FACTOR ALLOWAEBLES DATA SOURCE
°F ___OBSER'JATIONS X ] £ k LOWER UPPER CATEGORY REFERENCE
<320 4 31.35 0.54 9 4L.68 8.8 33.9 o} 1
RT 4 29,63 0.54 9 4.68 27.1 32,2 c 1
600 4 26.31 0.34 9 4.68 23.8 28.8 c 1
)
I
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SPECIFICATION '
PROPERTY POISSON'S RATIO
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TEMPERATURE ¥O. OF VALUE DEVIATION FREEDOM  FACTOR ALLOWABLES DATA SOURCE
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L. TEST DESCRIPTION

Dynamic Modulus and Polsson's ratio of Alloy 22-13-5 at -320°F, RT,
and 600°F were measured by WANL per ANSC P, O, N-01728, The material sub-
ﬁitted for testing was 8" X 1 1/4" plate in the simulated furnace-brazed
condition,

A single test specimen,” per ANSC P/N 1138310, was fabricated from the
material and used for all the determinations. An ultrasonic technique,
described in Reference (1), was used. Four determinations were made at
each of the three temperatures. The results are reported In Refereqce {2)
and are considered to apply to all forms and conditlons of Alloy 22-13-5.
Averages for each temperature are shown 65 pages 2 and 3,

IT. DATA ANALYSIS '

Normally, design values for these physical properties would be reported
as nominal * 5%. (Reference (3)). However, since the replicate determina-
tions provide a measure of experimental error variability, the design values
were calculated as true 99/95 limits. All variability is attributed to test
error rather than to the material,

The within-temperature variances were found to be homogeneous by means
of ﬁhe Bartlett-Box test and accordingly were pooled into a single variance
estimate, 32, based on 9 degrees of freedom. Two-sided tolerance limit
factors, k, were determined from Reference (4)., V¥Finally, 99/95 limits were

calculated as X + ks,
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ITI. REFERENCES

1. WANL Test Plan 38-10, Project 485G, dated 5 August 1971,

2. Letter from R. F. Pickson (WAHNL) to J. L. Dooling (ANSC)
dated 22 October 1971, Subject: "Eroject 435, Test Plan M-38
Line 10, Requisition No. N-01728: Dynamic Modulug Tests.

3. Letter from L. C. Corrington (SNSO-C} to W. O.VWetmore (ANSC)'
dated 5 January 1972, Subject: "Classification, Interpretation
and Use of Materials froéerty Data".

b A. Weissberg and G. H. Beatty, "Tables of Tolerance - Limit

Factors for Normal Distributions", Technometrics, Vol. 2, No. 4

p 483-500 (1960).
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PROPERTY CYCLIC FRACTURE TOUGHNESS, Ki, RSI —\JIN
ki, XSI - JIN ‘

NUMBER OF . DESICN DATA SOURCE
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1 ‘ 121.0 4 * - - - 109.0% c . 1

1000 72.3 1,30 5 7 4,45 : 66.5

10000 43.7 1.02 3 7 4,60 - 42.0

* CONSERVATIVE ENGINEERING ESTIMATE, NOT 99/95 LIMIT.

il



DRM:
DATE:
PAGE:

MATERTAL ALLOY 22-13-5 FORM CONDITION SIMULATED FURNACE BRAZE
SPECIFICATIONS
PROPERTY CRACK GROWTH RATE, da/dN, MICRO-INCHES PER CYCLE @ RT

LOG {CRACK GROWTH RATE} - CRACK GROWTH RATE

UPPER
Xi a 99/95 50% DESIGN DATA
(xSt -y IN) MEAN 5 e f k LIMIT POINT ALLOWABLE CATEGORY
50 1.141 <158 11 63 3.00 1.615 14 41 c
60 1.580 .158 23 63 2.88 2.035 38 108
70 1.952 .158 47 63 2,81 2.396 89 249
80 2.274 <158 64 63 2.79 2,715 188 51%
90 2.557 +158 47 63 2.81 3,001 361 1002
100 2.811 /158 29 63 2,85 3,261 648 1825
110 3.218 .248 15 26 3,18 4.007 1653 10154
120 3.626 248 26 26 3.12 4,400 4226 25105
130 4,001 L248 10 26 3.25 4,807 10021 64121
N

8

38.07
10 MAY 1972
4 OF 11

SOURCE
REFERENCE

1




DRM: 38.07
DATE: 10 MAY 1972
PAGE: 5 OF 11

1. TEST DESCRIPTION

This DRM is based upon work performed by the Boeing Aerospace Group,

Seattle, Washington, under ANSC P. 0. N-01499.

One lot of ARMGCO 22-13—5 stainless steel plate procured from ARMCO
Steel Corporation, Baltimore, Maryland, was used in this trest program. The
material was subjected to a final heat treat (simulated furnace braze cycle)
by Pyromet. Fracture toughness specimens were fabricated from the bar stock
€0 as to maintain the flaw propagation direction of the specimens parallel
to the extruding direction. A total of 12 specimens were fabricated and

testing was conducted at room temperature.

A total of 7 specimens were tested in GH2 and 5 specimens were tested
in GHe to note the effect of hydrogen on the toughness of the material. Both
static (KIC) and cyclic (Ki) fracture toughness tests were conducted. The
test matrix, giving the test conditions and number of specimens teséed was

as follows:

Test Test Environment (1200 psig)

Static Fracture A 1 1
Cyclic Fracture ' 4 . 6

From these results, a Ki versus number of cycles to failure curve was
developed for each test condition., In addition, instantaneous crack growth

rate (crack growth per cycle) data was developed for each Ki test.
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The test results were as follows:

Specimen Test No. of Ki
Number Environment Cycles KSI - 1IN
880075 GHe- . 1 124.3
880076 GH2 ’ 1 117.8
880077 GHe 2084 63.7
880077 GHe 12085 30.7
880078 GHe - 10381 47.9
880080 GHe f 1835 66.4
880082 . GHe . : 5553 ‘ 79.1
880081 GH2 1508 66,9
880083 GH2 568 81.3
880079 GH, B 10241 46.7
880084 GH, : 9268 46.2
880085 GH2 1448 67.1
880086 GH2 ' 2607 59.1
BB0O86 - GH2 2 129.3

As seen from this table, two of the specimens generated ‘two observations
each. In addition, instantaneous crack growth data were supplied by Boeing
on computer printouts, up to 15 pairs of observations (da/dN ws Ki) per

specimen.
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2.  DATA ANALYSIS

a. Fracture Toughness

The two static fracture toughness tests failed to yield valid
KIC data. Instead they are reported as a special case of Ki, at one cycle.
There was no appreciable difference between the tests in helium and hydro-

gen; therefore the two were combined.

Regression analysis, with the aid of the G.E. computer program
MULFIT was used for the cylic fracture toughness data. An attempt was made
to use the static test results in the same regreséion equation, but no
simple function was found which would fit the combined data without a large
increase in the standard error of estimate. The one cycle data reported
on Page 2 merely represent the average of the 2 static tests. The standard
deviatidn of 4 is a conservative estimate from other materials, and the
design allowable shown is an engineering estimate (3-sigila) rather Ehan a

99/95 limit.

A quadratie equation (Ki vs log cycles) was found to fit both the
hydrogen and the helium data very well and slightly better than a linear
equation. The results were as follows:

. *
n Regression Equation e R2

2
10%¥* log N = 6.644 - .06785 Ki + 2.414 x 10 Ki L0437 991
* in logarithmiec units

*%  Two of the data points, the second observations on specimens
88077 and 88086 failed to fit the curve and were excluded as

outliers.
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This equation was used to caleculate expected values of log N for
various Ki levels from 40 to 80 KSI -\ffﬁ. The 99/95 lower limits were
calculated in the usual manner and finally both expected values and limits
were converted to anti-log units (number of cycles). To place the data
in a more useful form, the equation was back-solved to yield expected and
allowable Ki's for 100 and 1000 cycles. These are given on Page 3. Results

are plotted in Figure 1.
b. Crack Growth Rate (da/dN)

The data from the computer printouts were divided into two groups,
below and above Ki = 105, These represent the two slopes of the lines rela-
ting log (da/dN) as a function of Ki. The computer program MULFIT was used to
determine the two least squares regression lines. The analysis was first done
separately for the hydrogen and helium groups, but when no appreciable differ-
ence was found they were combined.

The results were:

*
n Regression Equation* e * R2
Ki <105 65 logy = -8.288 + 5,550 log x .158 .910
Ki > 105 28 log v = -18.804 + 10.788 log x .248 .673
% y = da/dN, micro-inches per cycle; x = Ki
ok in logarithmic units.

These equations were used to calculate expected values of log (da/dN)
for variocus Ki levels. Design allowables were then calculated in the usual

manner. The results are plotted in Figure 2,
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